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ABSTRACT 
New Dyes for Cancer Theranostics 
by 
Waqar H. Rizvi 
Advisor: Charles Michael Drain 
 
Porphyrinoids are robust heterocyclic dyes studied extensively for applications in medicine 
and as photonic materials because of their tunable photophysical properties, diverse means of 
modifying the periphery, and the ability to chelate most transition metals. Commercial applications 
include phthalocyanine dyes in optical discs, porphyrins in photodynamic therapy, and as oxygen 
sensors. Most applications of these dyes require exocyclic moieties to improve solubility, target 
disease, modulate photophysical properties, or direct self-organization into architectures with 
desired photonic properties. The synthesis of the porphyrinoid depends on the desired application, 
but the de novo synthesis often involves several steps, is time consuming, and results in low 
isolated yields. Thus, applications of core porphyrinoid platforms that can be rapidly and 
efficiently modified to evaluate new molecular architectures allows researchers to focus on the 
design concepts rather than the synthetic methods and opens porphyrinoid chemistry to a broader 
scientific community. This dissertation focuses on two widely available, commercially viable 
porphyrinoids as platforms: meso-perfluorophenylporphyrin, and perfluorophthalocyanine. The 
perfluorophenylporphyrin is readily converted to the chlorin, bacteriochlorin, and 
isobacteriochlorin. Derivatives of all six of these core platforms can be efficiently and controllably 
made via mild nucleophilic aromatic substitution (NAS) reactions using primary S, N, and O 
nucleophiles bearing a wide variety of functional groups. The remaining fluoro groups enhance 
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the photo and oxidative stability of the dyes and can serve as spectroscopic signatures to 
characterize the compounds or in imaging applications using 19F NMR.   
Using simple NAS click-type chemistry, we designed a physical organic chemistry experiment 
for second-year college students. Students performed NAS reactions on 5,10,15,20-
tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin (TPPF20) using three different nucleophiles. 
Substitution occurs preferentially at the 4-position (para) because it is thermodynamically favored, 
and the 2- and 6- (ortho) positions are kinetically disfavored because of steric interactions with the 
porphyrin ring. The activation energy depends heavily on the nucleophile. An open-source 
software (ImageJ from NIH) was used to quantify relative intensities of spots on a TLC plate 
obtained from different times and varying temperatures. These data were used to generate 
Arrhenius plots allowing students to determine relative activation energies for three different 
primary nucleophiles. The experiment was developed by five undergraduates and evaluated by 40 
organic chemistry II students and eight students in a physical chemistry laboratory. Students 
gained a deeper understanding of the relationships between the NAS mechanism, Arrhenius plots, 
and activation energy. The experiment is published in the Journal of Chemical Education. 
Using the same NAS click-type chemistry on perfluorophthalocyanines (Pc), we developed 
facile synthetic methods for generating Pc derivatives with near IR absorption. The photophysics 
of these molecules can be fine-tuned via simple click-type substitution chemistry resulting in a 
decrease in the HOMO-LUMO gap for each substitution. This leads to a red-shifted absorbance 
that should be ideal for various biomedical and materials applications. A commercially available, 
cost effective surfactant, isodecyloxypropyl-1,3-diaminopropane (tomamine®), is appended onto 
zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluorophthalocyanine (ZnF16Pc). This 
substitution red-shifts the UV-vis absorbance and helps in solubility. Varying the equivalents of 
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tomamine, we were able to isolate mono, di, tri and tetra-substituted products with UV-visible 
absorbance, lowest energy Q bands, at ca. 748, 765, 786 and 805 nm respectively. An unexpected 
discovery showed that addition of a 7-membered ring on the outside of ZnF16Pc induces steric 
interactions that cause the otherwise planar Pc macrocycle to twist and distort. This distortion 
results in an unexpectedly large shift in the UV-visible spectral peaks. The resulting peak is also 
much broader because of flexibility in the macrocycle. These compounds are highly soluble in 
organic and aqueous solvents and showed high photoacoustic and photothermal conversions for 
photoacoustic imaging and photothermal therapy of cancers. 
To increase the targeting efficiency of dyes, the use of glycosylated compounds is actively 
pursued as a therapeutic strategy for cancer due to the overexpression of various types of sugar 
receptors and transporters on most cancer cells. Conjugation of saccharides to photosensitizers 
such as porphyrins provides a promising strategy to improve the selectivity and cell uptake of the 
photosensitizers, enhancing the overall photosensitizing efficacy. Most porphyrin-carbohydrate 
conjugates are linked via the carbon-1 position of the carbohydrate because this is the most 
synthetically accessible approach. However, carbon-1 galactose derivatives diminish binding since 
the hydroxyl group in the carbon-1 position of the sugar is a hydrogen bond acceptor in the 
galectin-1 sugar binding site. We therefore synthesized two isomeric porphyrin-galactose 
conjugates using click chemistry: one linked via the carbon-1 of the galactose, and one linked via 
carbon-3. Free base and zinc analogues of both conjugates were synthesized. We assessed the 
uptake and photodynamic therapeutic (PDT) activity of the two conjugates in both monolayer and 
spheroidal cell cultures of four different cell lines. For both the monolayer and spheroid models 
we observe that the uptake of both conjugates is proportional to the protein levels of galectin-1, as 
measured by fluorescence spectroscopy. Compared to the carbon-1 conjugate, the uptake of the 
 vii 
carbon-3 conjugate was greater in cell lines containing high expression of galectin-1. After 
photodynamic activation, MTT and lactate dehydrogenase assays demonstrated that the conjugates 
induce phototoxicity in both monolayers and spheroids of cancer cells. 
Finally, because of the general need for other metal derivatives of the PcF16 platform other 
than Cu, Ni, and Zn, we embarked on the synthesis of the free base macrocycle based on both 
literature reports and our experiences with phthalocyanine synthesis.  We found that most of the 
literature methods have serious drawbacks that arise mostly from the unwanted substitution of the 
F on the macrocycle (via either reactions with the tetrafluorphthalonitrile or of the product). Thus, 
we have developed a procedure that minimizes the substitution side reactions and shown that the 
starting materials are reasonably unreactive to substitution reactions. 
 
 
  
 viii 
ACKNOWLEDGEMENTS 
 
It would be impossible to fulfill this fabulous and rewarding journey without the help and 
support of countless people. First and foremost, I would like to thank my advisor and mentor, 
Professor Charles Michael Drain, for his constant support and inspiration. When I first reached out 
to Professor Drain as an undergraduate student at Hunter College about working in his lab, his 
welcoming attitude was crucial in helping me decide what I wanted to do with my life. Since that 
time, his advice and encouragement have consistently helped me to grow academically, 
professionally, and personally and it is because of him that I decided to pursue a career in the field 
of chemistry. Apart from having multiple options in terms of institutions and mentors, I just could 
not see myself working with anyone other than Professor Drain for my research. His attitude, 
respect and encouragement, right then and there, made the decision for me to join his group for 
this journey. I would also like to thank my gracious and attentive committee members, Professor 
Lynn Francesconi, Professor Akira Kawamura, Professor Maria Tamargo, and Professor Roberto 
Sanchez-Delgado (late). It was extremely saddening to hear that Professor Sanchez-Delgado 
passed away during my five years as a graduate student. He was a person of great character and a 
highly accomplished individual. We will always miss him in our lives. The valuable feedback of 
all the committee members has helped sharpen this dissertation and make it into a much better 
work than it would have been otherwise. 
Working in Professor Drain’s lab as an undergraduate and a graduate student has been 
extremely rewarding, all thanks to friends and colleagues like Dr. Naga V. S. Dinesh K. 
Bhupathiraju, Dr. Christopher Farley, Dr. Sunaina Singh, Dr. Amit Aggarwal, Dr. Jacopo Samson, 
Dr. Matthew Jurow, Dr. Junior Gonzalez, Dr. Patricia Pereira, Patrick Moy, Emaad Khwaja, Saim 
Siddiqui, Muntasir Sayeedi, Naxhije Berisha, Bibi Begum, Alei Rizvi, Riona Park, Shawn Kang 
 ix 
and many more than can be reasonably listed. My research would be not so productive without the 
fruitful discussions and help from Dr. Naga V. S. Dinesh K. Bhupathiraju who is not only a Post-
doc in our lab, but also like an older brother to me. His involvement and help in my research made 
me get most out of this learning experience. I thank you for making my research life more fun and 
productive.  
To my parents, Sarfraz Murtza and Sabiha Bano: You gave me the opportunity, the skills and 
the freedom to follow my own path in life and a lot more that I can never repay. It was your 
upbringing that encouraged me to fight for my goals. Mother, you supported me in every step of 
my life, from waking up every morning to make me breakfast to hugging me with both arms after 
passing an exam. Father, you are the prototype of a complete human being who I one-day pray to 
be. Ami g and Abu g, I cannot thank you enough, but I can say that both of you did a great job! 
You are the main reason I fulfilled my destiny!  
To my brother and sister-in-law, Balal Rizvi and Faiza Kazmi: Thank you both for always 
treating me like your little child. Your support is priceless! Also, thank you for raising Hassan to 
respect his uncle as he does today. 
To the rest of my family: Starting from my grandparents, I will never be able to thank in person, 
but all this is possible because of your encouragement throughout my childhood. It is an honor to 
carry the family name forward. I thank uncle Munawar for teaching me all the handy work as a 
child and uncle Anwar (late) for the constant support that helped me become the man I am today. 
You both, as well as uncle Akhtar, Syed and aunties have a special place in my heart and I will 
always miss you! I thank my father and mother in law for their prayers and well wishes throughout 
the years. 
 x 
Many thanks to my friends outside of Hunter College, especially Jaibeer Singh, Meroz 
Qureshy, Mohammad Ahsan Ullah, Istiaq Ahmed, Hassan Shahid, Madiha Qureshy, and Iqra 
Shahid who all helped me to keep things in perspective. Above all, I would like to thank my 
friends, Dimitrios Giannakoudakis and Nikolina Travlou for always being there for me. I will 
never forget those all-nighters right before the exam. It is because of you guys that I was able to 
survive through my first-year courses.  
Finally, and most importantly, I would like to thank my wife Hajab. Her support, 
encouragement, quiet patience and unwavering love were undeniably the bedrock upon which the 
past five years of my life have been built. This journey would be impossible without you by my 
side in every step of the way. I am very lucky to be married to my best friend! I look forward to a 
lifetime with you. 
Chapter 1 was adapted from publication in Organic and Biomolecular Chemistry. Chapter 2 
was adapted from publication in Comprehensive Organic Chemistry Experiments for the 
Laboratory Classroom. Chapter 3 was adapted from publication in Journal of Chemical 
Education. Chapter 5 was adapted from publication in Bioconjugate Chemistry. 
  
 xi 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dedicated to my parents and my beloved wife. 
 
 
 
 
 
 
 
 
 
 
 
 xii 
TABLE OF CONTENTS 
 
CHAPTER 1. Fluorinated Porphyrinoids as Efficient Platforms for New Photonic Materials, Sensors, 
and Therapeutics ............................................................................................................................. 1 
1.1. Introduction ........................................................................................................................................... 1 
1.2. Substituted Fluorinated Porphyrinoids for Biological Applications………………………………..………………….5 
1.2.1. Porphyrins in Biological Applications……………..……………………….………………………………………………7 
1.2.2. Chlorins, Isobacteriochlorins and Bacteriochlorins in Biological Applications…………………………….16 
1.2.3. Corroles in Biological Applications. ............................................................................................. ..19 
1.2.4. Phthalocyanines in Biological Applications……………………………………………………………………………….22 
1.2.5. Triply Bridged Fused Porphyrin in Biological Applications………………………………….……………………..24 
1.3. Substituted Fluorinated Porphyrinoids for Applications in Materials .................................................. 25 
1.3.1. Catalysis........................................................................................................................................ 26 
1.3.2. Sensors ......................................................................................................................................... 31 
1.3.3. Solar .............................................................................................................................................. 35 
1.4. Conclusions and Future Perspective .................................................................................................... 40 
1.5. References .......................................................................................................................................... 43 
CHAPTER 2. Solvent-less Synthesis, Separation and Characterization of Zinc and Free-Base 
Tetraphenyl Porphyrin (An Organic Chemistry Laboratory Experiment) ......................................... 59 
2.1 Background of the Experiment ............................................................................................................. 59 
2.2 Additional Safety ................................................................................................................................... 62 
2.3. Experimental Procedure ................................................................................................................... 62 
2.3.1. Synthesis ....................................................................................................................................... 62 
2.3.2. Separation .................................................................................................................................... 63 
 xiii 
2.3.3. Characterization of TPP and ZnTPP .............................................................................................. 63 
2.3.4. Product Yield ................................................................................................................................. 64 
2.3.5. Handling of the Effluents .............................................................................................................. 65 
2.4. Results, Interpretation and Additional Questions for Students .................................................. 65 
2.5. References .......................................................................................................................................... 66 
CHAPTER 3. Experimental Determination of Activation Energy of Nucleophilic Aromatic 
Substitution on Porphyrins (A Physical-Organic Chemistry Laboratory Experiment) ...................... 67 
3.1. Introduction ......................................................................................................................................... 67 
3.2. Introductory Lecture ............................................................................................................................ 70 
3.2.1. NAS Substitution Chemistry .......................................................................................................... 70 
3.3. Experimental Background .................................................................................................................... 72 
3.4. Experimental Procedure ...................................................................................................................... 77 
3.4.1. Preparing the Porphyrin Solution ................................................................................................. 77 
3.4.2. Butanethiol Substitution ............................................................................................................... 77 
3.4.3. Butylamine Substitution ............................................................................................................... 78 
3.4.4. Butanol Substitution ..................................................................................................................... 78 
3.5. Data Collection ..................................................................................................................................... 78 
3.6. Analysis and Report ............................................................................................................................. 79 
3.7. ImageJ Analysis .................................................................................................................................... 80 
3.8. Hazards ................................................................................................................................................. 85 
3.9. Results and Discussion ......................................................................................................................... 86 
3.10. References ......................................................................................................................................... 89 
 xiv 
CHAPTER 4. Distorted Phthalocyanines via Click-chemistry: Synthesis, Photoacoustic, Photothermal 
and Cell Studies. ............................................................................................................................. 92 
4.1. Introduction ......................................................................................................................................... 92 
4.2. Experimental ........................................................................................................................................ 95 
4.2.1. Synthesis of ZnPc(tomamine)1 ...................................................................................................... 95 
4.2.2. Synthesis of ZnPc(tomamine)2 ...................................................................................................... 96 
4.2.3. Synthesis of ZnPc(tomamine)3 ...................................................................................................... 97 
4.2.4. Synthesis of ZnPc(tomamine)4 ...................................................................................................... 98 
4.2.5. NMR Spectroscopy ........................................................................................................................ 99 
4.2.6. UV-visible Spectroscopy ................................................................................................................ 99 
4.2.7. Emission Spectroscopy, Fluorescence Quantum Yield ................................................................ 100 
4.2.8. Dynamic Light Scattering (DLS) for Particle Size Measurement ................................................. 101 
4.2.9. Quantum Yield of SInglet Oxygen Production............................................................................. 101 
4.2.10. Photobleaching and Compound Stability ................................................................................. 102 
4.2.11. Cell Culture. Uptake and Toxicity Studies ................................................................................. 102 
4.2.12. Photothermal Studies ............................................................................................................... 104 
4.2.13. Octanol/PBS Partition Studies .................................................................................................. 105 
4.2.14. MM2 Energy Minimization ....................................................................................................... 105 
4.2.15. Photoacoustic Studies ............................................................................................................... 105 
4.2.16. Multispectral Optoacoustic Tomography (MSOT) Imaging ...................................................... 106 
4.2.17. Photoacoustic Spectra .............................................................................................................. 106 
4.3. Discussion and Conclusion ................................................................................................................. 108 
4.4. References ......................................................................................................................................... 116 
 
 xv 
CHAPTER 5. Carbon-1 Versus Carbon-3 Linkage od D-galactose to Porphyrins: Synthesis, Uptake 
and Photodynamic Efficiency ....................................................................................................... 119 
5.1. Introduction ....................................................................................................................................... 119 
5.2. Experimental Procedures ................................................................................................................... 122 
5.2.1. Synthesis ..................................................................................................................................... 124 
5.2.1.1. 5,10,15,20-tetrakis(4-propargyloxyphenyl)porphyrinato Zn(II) ...................................... 124 
5.2.1.2. 5,10,15,20-tetrakis[N-(2',3',4',6'-o-acetyl-1'-β-D-galactopyranosyl)-(4''-
methylenoxytriazole)-phenyl]porphyrinato Zn(II) ........................................................................ 124 
5.2.1.3. 5,10,15,20-tetrakis[N-(1'-β-D-galactosyl)-(4''-methylenoxytriazole)-phenyl]porphyrinato 
Zn(II) ............................................................................................................................................. 125 
5.2.1.4. 5,10,15,20-tetrakis[N-(1'-β-D-galactosyl)-(4''-methylenoxytriazole)-phenyl]porphyrin . 126 
5.2.1.5. 5,10,15,20-tetrakis[N-(1',2',4',6'-o-acetyl-3'-β-D-galactopyranosyl)-(4''-
methylenoxytriazole)-phenyl]porphyrinato Zn(II) ........................................................................ 126 
5.2.1.6. 5,10,15,20-tetrakis[N-(3'-β-D-galactosyl)-(4''-methylenoxytriazole)-phenyl]porphyrinato 
Zn(II) ............................................................................................................................................. 127 
5.2.1.7. 5,10,15,20-tetrakis[N-(3'-β-D-galactosyl)-(4''-methylenoxytriazole)-phenyl]porphyrin . 128 
5.2.2. Photophysics ............................................................................................................................... 128 
5.2.3. Cell Lines and Culture .................................................................................................................. 129 
5.2.4. Cellular Uptake ........................................................................................................................... 130 
5.2.5. PDT Assays .................................................................................................................................. 130 
5.2.6. MTT and Lactate Dehydrogenase Assays ................................................................................... 131 
5.2.7. Statistical Analysis ...................................................................................................................... 131 
5.3. Results and Discussion ....................................................................................................................... 132 
5.3.1. Synthesis and Characterization .................................................................................................. 132 
 xvi 
5.3.2. Photophysics ............................................................................................................................... 133 
5.3.3. Uptake and Binding .................................................................................................................... 135 
5.3.4. Octanol-PBS Partition Coefficient Values ................................................................................... 135 
5.3.5. In Vitro Studies (Monolayer and Spheroids) ............................................................................... 136 
5.3.5.1. Carbon-1 and carbon-3 galactose-porphyrins accumulate in cancer cells growing as 
monolayer and spheroid cultures and are non-toxic in the dark  ................................................ 136 
5.3.5.2. Galactose-porphyrins induce cytotoxicity in monolayer and spheroid cultures after 
photodynamic activation. ............................................................................................................ 138 
5.4. Conclusion .......................................................................................................................................... 140 
5.5. References ......................................................................................................................................... 142 
CHAPTER 6. Pushing Phthalocyanine Research Further: Free Base Fluorinated Phthalocyanine and 
Fluorinated Naphthalocyanine Platforms ..................................................................................... 146 
6.1. Introduction ....................................................................................................................................... 146 
6.2. Photophysics ...................................................................................................................................... 149 
6.3. Aggregation ........................................................................................................................................ 150 
6.4. Quantum Yield and Heavy Atom Effect ............................................................................................. 152 
6.5. Synthetic Approaches to Fluorinated Free Base Phthalocyanine ...................................................... 152 
6.5.1. Cerium Promoted Synthesis ........................................................................................................ 153 
6.5.2. Demetallation of Perfluoro Zn and Cu Phthalocyanines ............................................................. 155 
6.5.2.1. Demetallation via Pyridine/Pyridine-HCl  ........................................................................ 155 
6.5.2.2. Demetallation via Reflux in HNO3 and H2SO4. ................................................................. 156 
6.5.3. Synthesis of Fluorinated Magnesium Phthalocyanine and Demetallation to Yield Free Base 
Phthalocyanine ..................................................................................................................................... 158 
 xvii 
6.6. Proposed Synthetic Route to Fluorinated Naphthalocyanine ........................................................... 161 
6.7. Conclusion .......................................................................................................................................... 162 
6.8. References ......................................................................................................................................... 164 
 
Appendix A. Supporting Information for Chapter 2 ...................................................................... 170 
A1. Experimental Images .......................................................................................................................... 170 
A2. UV-visible Spectra ............................................................................................................................... 173 
A3. NMR Spectra ....................................................................................................................................... 174 
 
Appendix B. Supporting Information for Chapter 3 ...................................................................... 178 
B1. Chemicals ............................................................................................................................................ 178 
B2.Student Handouts ................................................................................................................................ 179 
B2.1. Prelab Assignment ....................................................................................................................... 179 
B2.2. Post-lab Questions ....................................................................................................................... 181 
B3. Instructor Notes .................................................................................................................................. 182 
B4. Answer Key ......................................................................................................................................... 185 
B4.1. Pre-lab Answers ........................................................................................................................... 185 
B4.2. Post-lab Answers ......................................................................................................................... 188 
 
Appendix C. Supporting Information for Chapter 4 ...................................................................... 192 
C1. NMR Spectra ....................................................................................................................................... 192 
C2. Mass Spectra ....................................................................................................................................... 204 
C3. UV-visible Absorbance Spectra ........................................................................................................... 208 
 xviii 
C4. Photobleaching Studies ...................................................................................................................... 211 
C5. Photothermal Studies ......................................................................................................................... 213 
C6. Cell Studies .......................................................................................................................................... 216 
C7. DLS ...................................................................................................................................................... 218 
C8. Fluorescence Emission Spectra ........................................................................................................... 220 
 
Appendix D. Supporting Information for Chapter 5 ...................................................................... 222 
D1. NMR Spectra ....................................................................................................................................... 222 
D2. UV-visible Absorbance Spectra ........................................................................................................... 237 
D3. Fluorescence Emission Spectra .......................................................................................................... 239 
D4. Mass Spectra ...................................................................................................................................... 241 
D5. DLS ...................................................................................................................................................... 247 
D6. Cell and Spheroid Uptake ................................................................................................................... 249 
D7. Dark Toxicity in Monolayers and Spheroids ....................................................................................... 254 
 
Bibliography ................................................................................................................................. 258 
 
  
 xix 
LIST OF FIGURES 
(page numbers in parenthesis) 
Chapter 1. 
Figure 1.1. Fluorinated porphyrinoids platforms.       (1) 
Figure 1.2. Scheme of nucleophilic substitution on fluorinated porphyrinoids  
(substitution in the order of softness S>N>O).       (4) 
Figure 1.3. Thioglycosylated cationic porphyrin.       (7) 
Figure 1.4. Metallated and non-metallated S-sugar-porphyrins.     (8) 
Figure 1.5. Mono substituted O-galactosyl porphyrin.      (9) 
Figure 1.6. Symmetric tetra amino substituted porphyrin.      (10) 
Figure 1.7. Symmetric metallated and metal free glycol porphyrins and free  
base chalcone porphyrin derivatives.         (11) 
Figure 1.8. Zinc metallatedporphyrin–quinolone conjugates.     (12) 
Figure 1.9. Porphyrin-CD conjugates.        (13) 
Figure 1.10. Porphyrin-phosphormidate conjugates.      (13) 
Figure 1.11. Tetra cationic pyridyl porphyrins.       (14) 
Figure 1.12. Asymmetrical carborane-porphyrin conjugates for BNCT.    (15) 
Figure 1.13. Symmetrical tetra substituted carborane-chlorin conjugates.    (17) 
 
Figure 1.14. Pd and free base CGlc4, free base CGal4, free base IGlc4, and  
free base BGlc4.           (18) 
 
Figure 1.15. Combinatorial library of sugars and pyridyl substituted corroles.   (20) 
 
Figure 1.16. Mono and tri amino substituted corrole derivatives.     (21) 
 
Figure 1.17. Mono and di substituted amino acid-corrole derivatives.    (21) 
 
Figure 1.18. Symmetrical octa and hexadecaglycosyl-ZnPc.     (23) 
 
Figure 1.19. Amphiphilic cyclodexrin-Pc conjugates.      (23) 
 
Figure 1.20. Hexathioglucose triply bridged fused porphyrin.     (25) 
 
 xx 
Figure 1.21. Tetra substituted metallated and non-metallated porphyrin thio  
and oxy derivatives.           (28) 
 
Figure 1.22. Tri methoxy substituted bis-sulfonated corroles.     (30) 
 
Figure 1.23. Symmetric metallated and free base oxy and amino substituted  
porphyrin for applications as sensors.        (32) 
 
Figure 1.24. Thio substituted phthalocyanines.       (36) 
 
Figure 1.25. Highly fluorinated symmetric porphyrin.      (38) 
 
Figure 1.26. Zn porphyrin dimer connected via thio alkyl tether.     (39) 
 
Figure 1.27. Porphyrin molecule with thiol tether (optimized structure from  
DFT calculations).           (39) 
 
Chapter 3. 
Figure 3.1. Two porphyrin cofactors. (a) iron heme is found in hemoglobin, 
myoglobin, and cytochromes P450, and (b) chlorophyll is found in the  
photosynthetic apparatus in green plants.        (72) 
 
Figure 3.2. Examples of products made using NAS reactions.     (73) 
 
Figure 3.3. (a) elimination-addition mechanism in the formation of phenol  
from chlorobanzene, (b) addition-elimination mechanism when an electron  
withdrawing group is present.         (74) 
 
Figure 3.4. The para F on 5,10,15,20-tetrakis(2,3,4,5,6-pentafluorophenyl) 
porphyrin (TPPF20) chromophore reacts readily with nucleophiles.     (76) 
 
Figure 3.5. The apparatus to run reaction under N2.       (77) 
 
Figure 3.6. Images of TLC plates after separation of spots in room light (left) 
and under 365 nm UV lamp (right).         (79) 
 
Figure 3.7. Plot of Concentration (M) vs. Time (s) for butylamine substitution.   (84) 
 
Figure 3.8. Plot of 1/Concentration (1/M) vs. Time (s) for butylamine substitution.  (84) 
 
Figure 3.9. Plot of Ln(k) (1/(M*s)) vs. 1/Temperature (1/K) for butylamine substitution.  (85) 
 
 
 
 xxi 
Chapter 4. 
Figure 4.1. Photoacoustic 2-color images of (A) ZnPc(tomamine)1, 
(B) ZnPc(tomamine)2, (C) ZnPc(tomamine)3, and (D) ZnPc(tomamine)4 
using a direct classical least-squares deconvolution technique.     (107) 
 
Figure 4.2. MM2 steric energy minimized structures.  (A) ZnPc(tomamine)1, 
(B) ZnPc(tomamine)2, (C) ZnPc(tomamine)3, (D) ZnPc(tomamine)4.  
Annealing these several times to 300 K and re-minimizing consistently results  
in the same distortions. (E) space filling model of ZnPc(tomamine)1 appended to  
adjacent beta positions, and (F) space filling model of ZnPc(tomamine)1 where  
the primary amine is appended to a beta position and the secondary to the  
adjacent alpha position highlights the reason the latter is unreactive.    (108) 
 
Figure 4.3. Phototoxicity and cell viability of tomamine substituted compounds. 
Pink = ZnPc(tomamine)1, red = ZnPc(tomamine)2, green = ZnPc(tomamine)3, 
black = ZnPc(tomamine)4.          (111) 
 
Figure 4.4. Photothermal heating of 100 µM solutions in PBS buffer of tomamine 
substituted compounds. Pink = ZnPc(tomamine)1, red = ZnPc(tomamine)2, green = 
ZnPc(tomamine)3, black = ZnPc(tomamine)4.       (112) 
 
Figure 4.5. Top: Photoacoustic tomograms of (red) ZnPc(tomamine)1,  
(blue) ZnPc(tomamine)2, (orange) ZnPc(tomamine)3, and (purple) ZnPc(tomamine)4  
in an agarose gel at ca. 10 µM, compared to a standard 10 µM indocyanine  
green (ICG). Bottom: photoacoustic image of the control (green) and the  
ZnPc(tomamine)2 in an agarose phantom. See appendix C for the photoacustic  
tomograms of the other tomamine compounds.       (113) 
 
Chapter 5. 
Figure 5.1. Tetrathioglycosylated porphryins.       (119) 
Figure 5.2. Intracellular uptake of galactose-porphyrins by monolayer  
cultures of HCT-116, MCF-7, UM-UC-3 or HeLa cancer cells. The  
concentration of porphyrins was determined by fluorescence spectroscopy 
after incubation of cancer cells with 9 μM of galactose-porphyrins for 4 h  
and the results were normalized to protein quantity. Data are the means ± S.D. 
of at least three independent experiments performed in triplicate.     (137) 
 
 
 xxii 
Figure 5.3. Intracellular uptake of galactose-porphyrins by spheroid cultures  
of HCT-116, MCF-7, UM-UC-3 or HeLa cancer cells. The concentration of 
porphyrins was determined by fluorescence spectroscopy after incubation of 
cancer cells with 9 μM of galactose-porphyrins for 4 h and the results were  
normalized to protein quantity. Data are the means ± S.D. of at least three  
independent experiments performed in triplicate.       (138) 
 
 
Figure 5.4. Cytotoxicity at 24 h after PDT with galactose-porphyrins in cancer 
cells growing in monolayers, determined using the MTT assay. Cells were  
incubated with 9 µM PS for 4 h and PDT was performed during 30 min at  
0.44 mW/cm2. Data are means ± S.D. of at least three independent experiments  
performed in triplicate.          (139) 
 
Figure 5.5. Cytotoxicity at 24 h after PDT with galactose-porphyrins in cancer  
cells growing in spheroids, determined using the LDH assay. Spheroids were  
incubated with 9 µM PS for 4 h and PDT was performed during 30 min at 0.44  
mW/cm2. Data are means ± S.D. of at least three independent experiments performed 
in triplicate.            (140) 
 
Chapter 6. 
Figure 6.1. UV-visible absorbance spectra of porphyrin (red), phthalocyanine (blue), 
and naphthalocyanine (green).         (147) 
 
Figure 6.2. UV-visible absorbance spectra of free base Pc (blue) and metal Pc (orange).  (149) 
 
Figure 6.3. UV-visible absorbance spectrum of cerium promoted synthesis of H2F16Pc 
 in THF. The high intensity of the blue Q band is an indication of aggregation. The  
spectrum was taken in CHCl3.         (154) 
 
Figure 6.4. UV-visible absorbance spectra of before (blue) and after (orange) of  
ZnF16Pc demetallation via Pyridine / Pyridine-HCl. The spectra were taken in THF.  (156) 
 
Figure 6.5. UV-visible absorbance spectra of before (blue) and after (orange) of  
ZnF16Pc demetallation via reflux in concentrated HNO3 and H2SO4. The spectra  
were taken in THF.           (157) 
 
Figure 6.6. UV-visible absorbance spectrum of MgF16Pc in CHCl3.    (159) 
 
Figure 6.7. UV-visible absorbance spectrum of H2F16Pc in CHCl3.    (159) 
 
 xxiii 
Figure 6.8. UV-visible absorbance spectrum of H2F16Pc synthesis in dioxane.  
Spectrum taken in CHCl3.          (160) 
 
Appendix A. 
Figure A.1. Reaction vessel with rubber septum in oil bath.     (170) 
 
Figure A.2. Reaction vessel after addition of pyrrole.      (170) 
 
Figure A.3. Formation of TPP and ZnTPP via condensation.     (171) 
 
Figure A.4. Thin-layer chromatography.  ZnTPP(left), TPP (center), and crude  
reaction mixture (right). Eluent hexanes:CH2Cl2 (2:1 v/v).      (171) 
 
Figure A.5. Silica column. TPP elutes first. Both bands are visible.    (172) 
 
Figure A.6. Products after column separation.       (172) 
 
Figure A.7. UV-Vis absorption spectrum of TPP. Q band region inset.    (173) 
 
Figure A.8. UV-Vis absorption spectrum of ZnTPP. Q band region inset.    (173) 
 
Figure A.9. Structure of TPP and 1H NMR Spectrum (400 MHz, CDCl3)  
of aromatic region.           (174) 
 
Figure A.10. 1H NMR Spectrum (400 MHz, CDCl3) of TPP, negative region.   (175) 
 
Figure A.11. Structure of ZnTPP and 1H NMR spectra (400 MHz, CDCl3).   (176) 
 
Figure A.12. 1H NMR spectra (400 MHz, CDCl3) of ZnTPP, aromatic region.   (177) 
 
 
Appendix B. 
 
Figure B.1. Arrhenius plot: butanethiol.        (190) 
 
Figure B.2. Arrhenius plot: butylamine.        (190) 
 
Figure B.3. Arrhenius plot: butanol.         (191) 
 
 
Appendix C. 
 
Figure C.1. 1H NMR of ZnPc(tomamine)1 in CDCl3.      (192) 
 
 xxiv 
Figure C.2. 1H NMR of ZnPc(tomamine)2 in CDCl3.      (193) 
 
Figure C.3. 1H NMR of ZnPc(tomamine)3 in CDCl3.      (194) 
 
Figure C.4. 1H NMR of ZnPc(tomamine)4 in CDCl3.      (195) 
 
Figure C.5. 13C NMR of ZnPc(tomamine)1 in CDCl3.      (196) 
 
Figure C.6. 13C NMR of ZnPc(tomamine)2 in CDCl3.      (197) 
 
Figure C.7. 13C NMR of ZnPc(tomamine)3 in CDCl3.      (198) 
 
Figure C.8. 13C NMR of ZnPc(tomamine)4 in CDCl3.      (199) 
 
Figure C.9. 19F NMR of ZnPc(tomamine)1 in CDCl3.      (200) 
 
Figure C.10. 19F NMR of ZnPc(tomamine)2 in CDCl3.      (201) 
 
Figure C.11. 19F NMR of ZnPc(tomamine)3 in CDCl3.      (202) 
 
Figure C.12. 19F NMR of ZnPc(tomamine)4 in CDCl3.      (203) 
 
Figure C.13. High resolution mass spectrum of compound ZnPc(tomamine)1.   (204) 
 
Figure C.14. High resolution mass spectrum of compound ZnPc(tomamine)2.   (205) 
 
Figure C.15. High resolution mass spectrum of compound ZnPc(tomamine)3.   (206) 
 
Figure C.16. High resolution mass spectrum of compound ZnPc(tomamine)4.   (207) 
 
Figure C.17. UV-visible absorbance spectra of compounds ZnF16Pc (black),  
ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and 
ZnPc(tomamine)4 (blue) in THF.         (208) 
 
Figure C.18. UV-visible absorbance spectra of compounds ZnF16Pc (black),  
ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and 
ZnPc(tomamine)4 (blue) in acetone.         (208) 
 
Figure C.19. UV-visible absorbance spectra of compounds ZnF16Pc (black),  
ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and 
ZnPc(tomamine)4 (blue) in DCM.         (209) 
 
Figure C.20. UV-visible absorbance spectra of compounds ZnF16Pc (black),  
ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and 
ZnPc(tomamine)4 (blue) in MeOH.         (209) 
 
 xxv 
Figure C.21. UV-visible absorbance spectra of compounds ZnF16Pc (black),  
ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and 
ZnPc(tomamine)4 (blue) in DMSO.         (210) 
 
Figure C.22. Photostability study of ZnPc(tomamine)1. UV-visible absorbance spectra  
taken using 1 cm glass cuvette in acetone at time = 0 h (black), 2 h (green),  
4 h (red) and 8 h (purple). Exposed under direct 13 W white light bulb at 0.41 mW/cm2.  (211) 
 
Figure C.23. Photostability study of compound ZnPc(tomamine)2. UV-visible  
absorbance spectra taken using 1 cm glass cuvette in acetone at time = 0 h (black),  
2 h (green), 4 h (red) and 8 h (purple). Exposed under direct 13 W white light bulb  
at 0.41 mW/cm2.           (211) 
 
Figure C.24. Photostability study of compound ZnPc(tomamine)3. UV-visible  
absorbance spectra taken using 1 cm glass cuvette in acetone at time = 0 h (black),  
2 h (green), 4 h (red) and 8 h (purple). Exposed under direct 13 W white light bulb  
at 0.41 mW/cm2.           (212) 
 
Figure C.25. Photostability study of compound ZnPc(tomamine)4. UV-visible  
absorbance spectra taken using 1 cm glass cuvette in acetone at time = 0 h (black),  
2 h (green), 4 h (red) and 8 h (purple). Exposed under direct 13 W white fluorescent  
lamp at 0.41 mW/cm2.          (212) 
 
Figure C.26. Photothermal study of compound ZnPc(tomamine)1. Temperature taken  
using a digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM  
(red), 80 µM (yellow) and 100 µM (purple). Exposed under direct 13 W white  
fluorescent lamp at 0.92 mW/cm2.         (213) 
 
Figure C.27. Photothermal study of compound ZnPc(tomamine)2. Temperature taken  
using a digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM  
(red), 80 µM (yellow) and 100 µM (purple). Exposed under direct 13 W white  
fluorescent lamp at 0.92 mW/cm2.         (213) 
 
Figure C.28. Photothermal study of compound ZnPc(tomamine)3. Temperature taken  
using a digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM (red),  
80 µM (yellow) and 100 µM (purple). Exposed under direct 13 W white fluorescent  
lamp at 0.92 mW/cm2.          (214) 
 
Figure C.29. Photothermal study of compound ZnPc(tomamine)4. Temperature taken  
using a digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM (red),  
80 µM (yellow) and 100 µM (purple). Exposed under direct 13 W white fluorescent  
lamp at 0.92 mW/cm2.          (214) 
 
Figure C.30. Overlay of photothermal studies of ZnPc(tomamine)1 (pink),  
ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) ZnPc(tomamine)4 (blue) and  
no compound control (black). Temperature taken every 4 min using a digital 
 xxvi 
thermometer. 100 µM solutions were exposed under direct 13 W white fluorescent  
lamp at 0.92 mW/cm2.          (215) 
 
Figure C.31. Uptake studies of ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), 
ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) using MDA-MD231 breast  
cancer cells.            (216) 
 
Figure C.32. Phototoxicity studies of compounds ZnPc(tomamine)1 (pink),  
ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue)  
using MDA-MD231 breast cancer cells exposed to a white 13 W fluorescent light  
(0.92 mW cm-2 or 11.04 kJ m-2) for 20 min.        (216) 
 
Figure C.33. Dark toxicity studies of compounds ZnPc(tomamine)1 (pink),  
ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) 
using MDA-MD231 breast cancer cells.        (217) 
 
Figure C.34. DLS of ZnPc(tomamine)1 in acetone (blue) and PBS buffer (gray).   (218) 
 
Figure C.35. DLS of ZnPc(tomamine)2 in acetone (blue) and PBS buffer (gray).   (218) 
 
Figure C.36. DLS of ZnPc(tomamine)3 in acetone (blue) and PBS buffer (gray).   (219) 
 
Figure C.37. DLS of ZnPc(tomamine)4 in acetone (blue) and PBS buffer (gray).   (219) 
 
Figure C.38. Emission spectrum of ZnPc(tomamine)1 in THF. Ex = 675 nm,  
Bandpass = 5 nm.           (220) 
 
Figure C.39. Emission spectrum of ZnPc(tomamine)2 in THF. Ex = 725 nm,  
Bandpass = 5 nm.           (220) 
 
Figure C.40. Emission spectrum of ZnPc(tomamine)3 in THF. Ex = 725 nm,  
Bandpass = 5 nm.           (221) 
 
Figure C.41. Emission spectrum of ZnPc(tomamine)4 in THF. Ex = 750 nm,  
Bandpass = 5 nm.           (221) 
 
 
Appendix D. 
 
Figure D.1. 1H NMR spectrum of the free base of compound 1 in CDCl3.    (222) 
 
Figure D.2. 13C NMR spectrum of the free base of compound 1 in CDCl3.   (223) 
 
Figure D.3. 1H NMR spectrum of 1, in CDCl3.       (224) 
 
Figure D.4. 1H NMR spectrum of 2 in CDCl3.       (225) 
 xxvii 
Figure D.5. 13C NMR spectrum of 2 in CDCl3.       (226) 
 
Figure D.6. 1H NMR spectrum of (C1-Gal)4-ZnPor (3) in DMSO-d6.    (227) 
 
Figure D.7. 13C NMR spectrum of (C1-Gal)4-ZnPor (3) in DMSO-d6.    (228) 
 
Figure D.8. 1H NMR spectrum of (C1-Gal)4-Por (4) in DMSO-d6.     (229) 
 
Figure D.9. 13C NMR spectrum of (C1-Gal)4-Por (4) in DMSO-d6.    (230) 
 
Figure D.10. 1H NMR spectrum of 5 in CDCl3.       (231) 
 
Figure D.11. 13C NMR spectrum of 5 in CDCl3.       (232) 
 
Figure D.12. 1H NMR spectrum of (C3-Gal)4-ZnPor (6) in CD3OD.    (233) 
 
Figure D.13. 13C NMR spectrum of (C3-Gal)4-ZnPor (6) in CD3OD.    (234) 
 
Figure D.14. 1H NMR spectrum of (C3-Gal)4-Por (7) in DMSO-d6.    (235) 
 
Figure D.15. 13C NMR spectrum of (C3-Gal)4-Por (7) in DMSO-d6.    (236) 
 
Figure D.16. UV-visible spectra of the compounds, 0.1 μM in ethanol,  
green = (C1-Gal)4-ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4),  
black = (C3-Gal)4-Por (7).          (237) 
 
Figure D.17. UV-visible spectra of the compounds, 0.1 μM in DMSO,  
green = (C1-Gal)4-ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4),  
black = (C3-Gal)4-Por (7).          (237) 
 
Figure D.18. UV-visible spectra of the compounds, 0.1 μM in PBS,  
green = (C1-Gal)4-ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4),  
black = (C3-Gal)4-Por (7).          (238) 
 
Figure D.19. Fluorescence emission spectra of the compounds in ethanol;  
excitation at 425 nm where the absorbance is ca. 0.05 for each compound,  
green = (C1-Gal)4-ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4),  
black = (C3-Gal)4-Por (7).          (239) 
 
Figure D.20. Fluorescence emission spectra of the compounds in DMSO;  
excitation at 425 nm where the absorbance is ca. 0.05 for each compound,  
green = (C1-Gal)4-ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4),  
black = (C3-Gal)4-Por (7).          (239) 
 
Figure D.21. Fluorescence emission spectra of the compounds in PBS buffer;  
excitation at 425 nm where the absorbance is ca. 0.05 for each compound,  
 xxviii 
green = (C1-Gal)4-ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4),  
black = (C3-Gal)4-Por (7).          (240) 
 
Figure D.22. HRMS of 2.          (241) 
 
Figure D.23. HRMS of (C1-Gal)4-ZnPor (3).       (242) 
 
Figure D.24. HRMS of (C1-Gal)4-Por (4).        (243) 
 
Figure D.25. HRMS of 5.          (244) 
 
Figure D.26. HRMS of (C3-Gal)4-ZnPor (6).       (245) 
 
Figure D.27. HRMS of (C3-Gal)4-Por (7).        (246) 
 
Figure D.28. DLS of (C1-Gal)4-ZnPor (3).        (247) 
 
Figure D.29. DLS of (C1-Gal)4-Por (4).        (247) 
 
Figure D.30. DLS of (C3-Gal)4-ZnPor (6).        (248) 
 
Figure D.31. DLS of (C3-Gal)4-Por (7).        (248) 
 
Figure D.32. Cellular uptake of galactose-porphyrins by MCF-7 monolayer  
cultures. The concentration of porphyrins was determined by fluorescence  
spectroscopy after incubation of cancer cells with 0, 2.25, 4.5 or 9 μM of the  
galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were normalized to  
protein quantity. Data are the means ± S.D. of at least three independent  
experiments performed in triplicate.         (249) 
 
Figure D.33. Cellular uptake of galactose-porphyrins by HCT-116 monolayer  
cultures. The concentration of porphyrins was determined by fluorescence  
spectroscopy after incubation of cancer cells with 0, 2.25, 4.5 or 9 μM of the 
galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were normalized to  
protein quantity. Data are the means ± S.D. of at least three independent  
experiments performed in triplicate.         (250) 
 
Figure D.34. Cellular uptake of galactose-porphyrins by HeLa monolayer  
cultures. The concentration of porphyrins was determined by fluorescence  
spectroscopy after incubation of cancer cells with 0, 2.25, 4.5 or 9 μM of the 
galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were normalized to  
protein quantity. Data are the means ± S.D. of at least three independent  
experiments performed in triplicate.         (251) 
 
Figure D.35. Cellular uptake of galactose-porphyrins by UM-UC-3 monolayer  
cultures. The concentration of porphyrins was determined by fluorescence  
 xxix 
spectroscopy after incubation of cancer cells with 0, 2.25, 4.5 or 9 μM of the  
galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were normalized to  
protein quantity. Data are the means ± S.D. of at least three independent  
experiments performed in triplicate.         (252) 
 
Figure D.36. Representative fluorescence images of cancer cells monolayer  
cultures incubated with porphyrins (red) and cell nuclei stained with DAPI (blue).  (253) 
 
Figure D.37. Dark toxicity assays of galactose-porphyrins at concentration of  
9 μM and uptake time of 4 h, in HCT-116 monolayer cultures as determined  
using the MTT assay.          (254) 
 
Figure D.38. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in HCT-116 spheroid cultures as determined  
using the LHD assay.           (254) 
 
Figure D.39. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in HeLa monolayer cultures as determined  
using the MTT assay.          (255) 
 
Figure D.40. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in HeLa spheroid cultures as determined  
using the LHD assay.           (255) 
 
Figure D.41. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in MCF-7 monolayer cultures as determined  
using the MTT assay.          (256) 
 
Figure D.42. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in MCF-7 spheroid cultures as determined  
using the LHD assay.           (256) 
 
Figure D.43. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in UM-UC-3 monolayer cultures as determined  
using the MTT assay.          (257) 
 
Figure D.44. Dark toxicity assays of galactose-porphyrins at concentration  
of 9 μM and uptake time of 4 h, in UM-UC-3 spheroid cultures as determined  
using the LHD assay.           (257) 
 
 
 
 
 
  
 xxx 
LIST OF SCHEMES 
(page numbers in parenthesis) 
Chapter 2. 
Scheme 2.1. Synthesis and purification of TPP and ZnTPP using solventless method.  (59) 
Scheme 2.2. General synthetic mechanism of tetraphenyl porphyrin.    (60) 
 
Scheme 2.3. The characteristic UV-visible spectrum is ascribed to the x,y polarized  
4-orbital transitions a1u  () → eg (*)  and a2u () → eg (*)  which accidently  
assume nearly degenerate energies in D4h symmetry.      (64) 
 
 
Chapter 3. 
Scheme 3.1. Nucleophilic aromatic substitution reactions on a  
tetra(pentafluorophenyl) porphyrin.         (69) 
Scheme 3.2. NAS mechanism on TPPF20.        (71) 
 
Chapter 4. 
Scheme 4.1. Reactions are all run in DMF under N2:   
ZnPc(tomamine)4 5.2 equivalents tomamine, 5.3 equivalents K2CO3 stir 48 h at 135 
oC; 
ZnPc(tomamine)3 3.2 equivalents tomamine, 3.3 equivalents K2CO3, stir 24 h at 120 
oC; 
ZnPc(tomamine)2 2.2 equivalents tomamine, stir 16 h at 120 
oC;  
ZnPc(tomamine)1 1.2 equivalents tomamine, stir 12 h at 110 
oC.      (94) 
 
Chapter 5. 
Scheme 5.1. Synthesis of porphyrin-galactose conjugates      (123) 
 
 
Chapter 6. 
 
Scheme 6.1. Cerium promoted synthesis of metal free fluorinated Pc.    (153) 
 
Scheme 6.2. Demetallation via Pyridine / Pyridine-HCl.      (155) 
 
Scheme 6.3. Demetallation of Pcs via reflux in HNO3 and H2SO4.     (157) 
 
 xxxi 
Scheme 6.4. Synthesis of H2F16Pc via MgF16Pc and demetallation.    (158) 
 
Scheme 6.5. Proposed synthesis of the fluorous NPc core platform for rapid  
development of photonic materials based on this red-adsorbing dye (λmax ≈ 800 nm).  
(i) methanol, H+, heat; (ii) diisobutylalum-inumhydride in toluene at -59 C, 12 h;  
(iii) tri-ethylphosphate in THF reflux; (iv) ZnCl2 in dichlorobenzene.    (162) 
 
 
 
 
  
 xxxii 
LIST OF TABLES 
(page numbers in parenthesis) 
Chapter 4. 
Table 4.1. Octanol/PBS partition coefficients.       (105) 
Table 4.2. Photophysical properties of ZnPc(tomamine)1,  
ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4.     (110) 
 
Chapter 5. 
Table 5.1. Photophysical properties of C-1 and C-3 porphyrin derivatives    (133) 
Table 5.2. Partition coefficients (log P n-octanol/PBS) of the galactose-conjugates.  (136) 
 
Chapter 6. 
Table 6.1. Conditions used to synthesize H2F16Pc. All reactions were refluxed  
with TFPN as the precursor for Pc. Y= yes, N= no.       (154) 
Table 6.2. Conditions used to synthesize MgF16Pc. All reactions were refluxed  
with TFPN as the precursor for Pc. Y= yes, N= no       (161) 
 
Appendix B. 
Table B.1. Chemical information table.        (178) 
Table B.2. Sample table to divide students in groups.      (184) 
 
 
 
 1 
CHAPTER 1. Fluorinated Porphyrinoids as Efficient Platforms for New 
Photonic Materials, Sensors, and Therapeutics§ 
§ This chapter is adapted from publication in Organic and Biomolecular Chemistry1 
 
 
1.1. Introduction 
 
Porphyrinoids e.g. porphyrins (Pors), phthalocyanines (Pcs), corroles (Cors), chlorins 
(Chls), bacteriochlorins (Bacs) and isobacteriochlorins (Ibacs) have applications in diverse 
fields such as medicine,2 solar energy conversion,3 optical sensors,4 electronic devices,5 
supramolecular systems,6 photovoltaic cells,7 and catalysis.8-9 Porphyrinoids are large 
aromatic dyes that are 1 to 1.5 nm in diameter. The Por core has 11 π bonds (Figure 1.1) 
and the Pc has an additional 8 in the fused isoindole structure (Figure 1.1), Cor and Chl 
 
 
Figure 1.1. Fluorinated porphyrinoid platforms. 
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have 10 while Ibac and Bac have 9 each. These macromolecules are the focus of research 
because of their stability under a wide range of environmental conditions, absorption in the 
visible and near infra-red (NIR) range of the electromagnetic spectrum (400 nm to 1000 
nm), many derivatives possess long lived triplet excited states that sensitize singlet oxygen 
(1O2) formation to potentiate phototoxicity as anticancer and antibiotic agents, and the 
redox properties of metalloporphyrinoids are used in catalysis.10-13 These macrocycles can 
chelate with nearly every metal in periodic table which results in variable functional 
properties such as tuneable excited state lifetimes, redox potentials, catalytic activities, 
molar absorption coefficients, and molecular dynamics. Functional groups on the periphery 
of structurally rigid porphyrinoids provides topological diversity making these dyes well 
suited for the engineering of supramolecular materials.10 
Fluorous porphyrinoids are usually more stable towards oxidative degradation,14-16 have 
different excited state dynamics because of changes on the HOMO-LUMO energy gap, and 
exhibit different pharmacokinetics.17 The perfluorophenylporphyrin (TPPF20), 
fluorophthalocyanine (PcF16) and perfluorophenylcorrole (CorF15) are now commercially 
available. TPPF20 is converted to the corresponding Chl (CF20), Ibac (IF20), and Bac (BF20) 
compounds (Figure 1.1) using Diels-Alder and 1,3-dipolar cycloaddition reactions.18-20 
Compared to Por; Chl, Ibac, and Bac have NIR absorbance but still show high 1O2 yield for 
PDT.18 These fluorinated porphyrinoids can be used as 19F magnetic resonance imaging 
(MRI) agents for in vivo imaging in combination with fluorescence spectroscopy.21-23 These 
molecules are strongly stabilized due to  the high electronegativity of fluorines, (Pauli 
electronegativity24 for F ¼ 3.98). For Pcs, the electron-withdrawing halogens tend to lower 
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the LUMO due to mesomeric effect which makes the molecule more stable to ambient 
oxidation.25 
Despite the aforementioned advantages of fluorous porphyrinoids, many applications 
are hampered by poor solubility and/or processability. For example, insolubility in water 
and no selectivity towards disease hamper use as therapeutics, while amorphous 
aggregation limits photonics applications. De novo synthesis of all but the simplest 
porphyrinoids results in low yields which impedes facile assessments of derivatives in 
materials and medicine.  
N,N-Dimethylformamide (DMF), acetonitrile, chloroform, and toluene are common 
solvents for metallation of free base Por.26 In 1990 Kadish et al.,27 in an attempt to metallate 
meso-TPPF20 in DMF, obtained meso-tetrakis(2,3,5,6-tetrafluoro-4-
(dimethyamino)phenyl)porphinato metal complexes. Refluxing TPPF20 in DMF without 
the metal salt also resulted in the dimethylamino substituted Por. The trace dimethylamine 
formed at high temperatures is nucleophilic enough to replace the p-fluoro group via a 
nucleophilic aromatic substitution reaction. This opened a new avenue for research using 
fluorinated porphyrinoids as platforms to develop new dyes for diverse applications. 
In 1991, Mansuy and co-workers28 studied the nucleophilic substitution reaction on free 
base and metal analogues of TPPF20 including one with bromine on β-pyrrolic positions. 
They used S, N and O nuclophiles with electron donating functionality and observed higher 
yields of tetra substituted products with selective substitution on all four p-fluoro positions. 
But in the case of nucleophiles with electron withdrawing functional groups they observed 
complex mixtures. Later, lithium organic compounds were used by Kalisch and Senge to 
successfully substitute the Por core using the same reaction.29-30 This substitution usually 
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takes place via a two-step addition–elimination reaction mechanism in aprotic solvent using 
amine,27, 31 thiol,32-35 or hydroxy36-39 groups as nucleophiles. Boyle and co-workers reported 
the substitution chemistry on mono-(pentafluorophenyl)porphyrin containing different 
thiol functional groups. Both one step and two step reactions were reported. Thiols were 
added to mono-(pentafluorophenyl)-porphyrin in DMF/Et3N (one step reaction)
33 or mono-
(pentafluorophenyl)porphyrin  was reacted with Na2S first and then a range of electrophiles 
where transient thiolate intermediate was obtained in situ to give a thio tether link (two step 
reaction).35 For TPPF20 the p-fluorine atom is selectively substituted prior to the o- or the 
m-fluorines,23 but the m- position can be substituted with greater equivalents of the 
nucleophile and elevated temperatures. Thiols result in high yields and take less time 
compared to amines and hydroxyls. The nucleophile softness dictates the efficiency of the 
substitution in the order S>N>O (Figure 1.2).40-41 Both the free base and the metallo 
fluorinated porphyinoids are suitable for substitution chemistry, or the dyes can be 
metallated post modification. By controlling stoichiometry and reaction conditions, the 
TPPF20, CF20, IF20 and BF20 platforms can be appended with 1-4 groups.
34, 42 Note that 
asymmetric moieties appended onto the CF20, IF20 and BF20 platforms result in 
diastereomers at the bridge head positions. Because of the orthogonal geometry of the aryl 
 
Figure 1.2. Scheme of nucleophilic substitution on fluorinated porphyrinoids (substitution in 
the order of softness S>N>O). 
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groups and the barrier to rotation, substitution of more than one m- position results in 
atropisomers. The PcF16 can be appended with 1-16 groups.
43 
For example, several biomolecules such as sugars, polyamines, polyethylene glycols 
(PEG), peptides, amino acids, and boron clusters have been appended to one or more of the 
fluorous dyes for disease targeting.44-48 There are few examples where more than one 
biomolecular motif (e.g. cell targeting, hydrophilic, or chemotherapeutic) can be appended 
to a dye but the molecular topology of the porphyrinoids allows a range of substitutions.42 
For biotargeting and biosensing, the multiple valence significantly increases binding to the 
target. Other strategies that exploit the topological richness of the porphyrinoids are as drug 
carriers, e.g. boron clusters for boron neutron capture therapy (BNCT).42 A variety of 
alkanes can be appended to drive self-organization into nanoscale thin photonic films 
and/or to manipulate the photophysical properties of the dyes leading to a more effective 
application in materials such as solar energy harvesting.43, 49-52 Appending exocyclic motifs 
onto the redox active metalloporphryinoids results in molecules and materials with 
improved catalytic properties for organic transformations.53-54 This chapter will focus 
mainly on nucleophilic substitution of fluorine analogues belonging to Pors, Pcs, Chls, 
Cors, Bacs and Ibacs. We will discuss their physicochemical as well as biomedical and 
material properties and applications. 
 
1.2 Substituted Fluorinated Porphyrinoids for Biological Applications 
Porphyrinoid based photosensitizers (PS) have been used in medicine in treating various 
types of diseases (oncology and non-oncology) such as bladder, brain, breast, skin, lung, 
esophagus, and bronchial cancers,55-56 age-related macular degeneration, cardiovascular 
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disease,  ophthalmical disease, hair growth, acne, and psoriasis using photodynamic therapy 
(PDT).57-63 These PS are presently studied for their application in treating microbial 
infections (bacterial, fungal, parasitic, and viral infections) using photodynamic 
antimicrobial chemotherapy (PACT).56, 64-67 These PS have also been used to diagnose the 
above mentioned diseases and so are considered as effective theranostic (imaging and 
treatment) agents. 
PDT treatment involves three important elements: PS, which should accumulate 
specifically in the targeted site, triplet oxygen, and light. For PDT, the patient is 
administrated a non-toxic PS dye. After sufficient time for maximum drug uptake by the 
cancer cells, the tumor is selectively irradiated with light to result in cytotoxic reactive 
oxygen species, which results in tumor destruction.55 Presently there are few approved PDT 
agents (Photofrin, protoporphyrin IX, meso-tetra-hydroxyphenylchlorin (m-THPC), 
andverteporfin) to treat several diseases.55, 68 These porphyrinoid based PS have several 
disadvantages such as poor water solubility, poor light absorption in NIR, poor disease 
selectivity and light sensitivity after treatment. Other treatment methods such as BNCT 
involving carboranes and porphyrinoids were also studied, where porphyrinoids were used 
as imaging and also adjunct treatment (PDT) method.69-70 
Important ongoing approaches for improving potency of PS are fluorinated derivatives 
that modulate pharmacokinetics, 1O2 production, photostability, and lipophilicity. In 
addition to the intrinsic fluorescence of the porphyrinoids, magnetic resonance of 
fluorinated compounds (19F-NMR),71-73 18F positron emission topology (PET) imaging,14, 
74 carbon–fluorine spectroscopy (CFR),17 and fluoro-Raman spectroscopy (FRS)75 are all 
enabled  for sensitive and minimally invasive imaging of disease or as sensors. 
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Another advantage of these porphyrinoid platforms is the ease of substituting multiple 
copies of exocyclic biotargeting motifs to exploit multivalancy effects, or several different 
motifs to direct the dyes to different targets.17 In this section we discuss the nucleophilic 
substitution of various bio-motifs on fluorinated porphyrinoids for medical applications.   
 
1.2.1. Porphyrins in Biological Applications 
Marzilli and co-workers reported the synthesis of 5,10,15,20-tetrakis[2,3,5,6-
tetrafluoro-4-(2-trimethylammoniumethyl-aminephenyl]porphyrin via nucleophilic 
substitution of dimethyl-1,1-ethylenediamine for DNA binding studies.31 Boyle and co-
workers reported a water soluble Por containing three glucose moieties substituted on para 
positions of perfluorophenyl group and a positively charged N-alkyl-pyridyl moiety via 
nucleophilic substitution (see Figure 1.3).76 These compounds were then studied on human 
colorectal adenocarcinoma (HT29) cells for their PDT activity. Comparison of LD90 
(concentration required to kill 90% of cells) showed that 5-(N-octadecyl-pyridyl)-10,15,20-
tris(4-thioglycosyl-2,3,5,6-tetrafluorophenyl)porphyrin had the best phototoxicity 
(irradiated with red light) along with low dark toxicity (absence of light). 
 
 
Figure 1.3. Thioglycosylated cationic porphyrin, see ref. 76 
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In 2001, we reported the synthesis of a symmetrical sugar substituted TPPF20 via 
nucleophilic substitution of thioglucose and thiogalactose to obtain PGlc4 and PGal4 
(Figure 1.4)77 in high yield. These compounds were then tested on cancer cell line (human 
breast cancer cells (MDA-MB-231), and rat fibroblasts (normal (3Y1), partially 
transformed (3Y1c-Src), and fully transformed (3Y1v-Src)) for their uptake and PDT 
efficacy.32 Among the two conjugates PGlc4 showed high cell uptake and better PDT 
efficacy compared to PGal4. When PGlc4 was studied for its uptake in normal cells (Rat 
fibroblast 3Y1) vs. cancer cells (rat fibroblast 3Y1c-Src and 3Y1v-Src) there was higher 
uptake in 3Y1v-Src cell line, intermediate uptake in 3Y1c-Src cell line and no uptake in 
3Y1 cell line.  These studies suggested that sugar appended porphyrinoids show selectivity 
towards cancer cells compared to normal cells. 
Hirohara and co-workers extended the study comparing Zn, Pd and PtPGlc4 with the 
free base PGlc4 (Figure 1.4) for their phototoxicity.
78 Here, they started with the free base 
TPPF20 and metallated with Zn, Pd and Pt before carrying out the nucleophilic substitution 
of acetyl protected thio-glucose in presence of diethylamine (DEA) as base and DMF as 
solvent at room temperature. The final step was deprotection of acetate groups. Human 
 
 
Figure 1.4. Metallated and non-metallated S-sugar-porphyrins, see ref. 34, 77, 78. 
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epithelial (HeLa) cell line was used to test phototoxicity of these compounds. Zn and 
PdPGlc4 showed high phototoxicity due to heavy-atom effect. Surprisingly, PtPGlc4 
showed a low phototoxicity. The same group also studied the effect of substitution patterns 
on the phototoxicity of glycosylated Pors. They similarly carried out the synthesis of five 
possible S-glucose (mono-, 5,10-di-, 5,15-di-, tris- and tetrakis-) substituted Pors (Figure 
1.4).34 Cell uptake and phototoxicity studies of these conjugates were carried using HeLa 
cell line. Among these conjugates, the 5,15-di-substituted glucose Por showed the highest 
cell uptake and phototoxicity.  
Cavaleiro and co-workers reported several glycosylated Pors and studied their 
significance of antiviral activity against herpes simplex virus types 1 and 2 in Vero cells. 
They synthesized mono substituted O-galactosylPor (Figure 1.5)79 via nucleophilic 
substitution of isopropylidene protected O-galactopyranose on TPPF20 using NaH base, 
followed by deprotection of isopropylidene. This compound showed very good antiviral 
activity even at lower than maximum noncytotoxic concentration.  
 
 
Figure 1.5.  Mono substituted O-galactosyl porphyrin, see ref. 79 
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In 2006, our group studied the substitution of aminoPEG, ethylenediamine, and lysine 
groups on to TPPF20 (Figure 1.6) under microwave irradiation yielding the symmetric tetra 
substituted Por in quantitative yields.80 In this study, we used N-methylpyrolidine (NMP) 
as solvent without any base. Conventional heating at 60-70o C takes more than 20 hours 
with six different possible products while microwave reaction took less than 30 minutes 
with only tetra substituted product. 
Kral and co-workers reported the synthesis, cell uptake and phototoxicity studies of 
glycol Pors (Figure 1.7).81 In their study they substituted O-glycols and aminoethanol on 
the TPPF20. DMF solvent and NaH base were used to substitute the O-glycols. They 
obtained moderate yields of tetra substituted product as the reaction was carried at low 
temperatures and hard nucleophiles such as oxygen requires heating for better yields. Then 
for the substitution of aminoethanol they used dioxane as solvent with no base at 150 oC to 
obtain the tetra amino substituted product with free –OH group in high yields. This shows 
that soft nucleophiles preferentially substitute the fluorine in presence of harder 
 
 
Figure 1.6. Symmetric tetra amino substituted porphyrin, see ref. 80 
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nucleophiles. The hydroxy terminated Pors exhibited a better intracellular uptake and 
phototoxicity compared to methoxy terminated derivatives when tested in vitro on human 
promyelocyticleukemia (HL60) and mouse mammary carcinoma (4T1) cell lines and in 
vivo on NuNu mice bearing human breast carcinoma MDA-MB-231. 
Boyle and co-workers reported the synthesis of metallated (Ni and Ga) and free base 
tetra substituted thioPEG conjugates in high yields (Figure 1.7).82 These conjugates were 
evaluated with a human Caucasian colon adenocarcinoma (Caco2) cell line for their 
phototoxicity efficacy and found that PEGs containing higher chain length showed high 
phototoxicity due to better water solubility compared to Por derivative containing shorter 
PEGs. For the Ga(III)Por derivatives, those with longer PEG chains bearing an -OPh axial 
ligand showed best phototoxicity results of the nine derivatives studied. 
Cavaleiro and co-workers reported the synthesis, cellular uptake, subcellular 
localization and phototoxicity of mono and tetra substituted O-chalconePor derivatives 
(Figure 1.7).83 In this study, O-chalcone was reacted with TPPF20 inpresence of K2CO3 as 
 
 
Figure 1.7.  Symmetricmetallated and metal free glycol porphyrins and free base chalcone 
porphyrin derivatives, see ref. 81, 82, 83. 
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base in DMSO as solvent at 100 oC to obtain derivatives in moderate yields. These 
compounds were tested on monkey kidney cell line (COS-7). The tetra substituted 
derivative showed significant uptake compared to the mono substituted derivative, neither 
compound was phototoxic, and they localize in the nucleus and/or perinuclear loci. The 
same group reported the synthesis of porphyrin-quinolone conjugates where they 
synthesized five Zn complexes (mono-, 5,10-di, 5,15-di, tri, and tetra). O-propargyl groups 
were appended on to TPPF20 via nucleophilic substitution followed by metallation (Figure 
1.8).37 Then using 1,3-dipolar cycloaddition reaction, they conjugated 6-azidoquinoline on 
to preformed Zn complexed O-propargylPors to yield five porphyrin-quinoline derivatives 
in quantitative yields.  
Kral and co-workers reported the synthesis of porphyrin-β-cyclodextrin (β-CD) or γ-
cyclodextrin (γ-CD) conjugates (Figure 1.9). They also conducted binding studies of 
several chemotherapy drugs with cyclodextrin (CD) for versatile drug delivery and in vitro 
and in vivo studies.81 Binding studies revealed that doxorubicin has good binding affinity 
 
 
Figure 1.8. Zinc metallatedporphyrin–quinolone conjugates, see ref. 37. 
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towards porphyrin-γ-CD 3 and paclitaxel has good binding affinity towards porphyrin-β-
CD conjugates 1, 2 and 4. Supramolecular carrier-chemotherapy drug complexes were then 
tested in vitro using 4T1 and human chronic myelogenousleukemia K562 cell lines, and in 
vivo using BALB/c mice transplanted with 4T1 cells. These studies reveal that combination 
therapy (PDT and chemotherapy) can be used as an efficient method to treat cancers. 
Cavaleiro and co-workers reported the synthesis and 1O2 studies of porphyrin-
 
 
Figure 1.9. Porphyrin-CD conjugates, see ref. 81. 
 
 
 
Figure 1.10.  Porphyrin-phosphormidate conjugates, see ref. 84. 
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phosphoramidate conjugates (Figure 1.10).84 They carried out nucleophilic aromatic 
substitution of aminoalkyl phosphoramidates (different alkyl chain lengths) onto TPPF20 to 
obtain mono and tetra substituted porphyrin-phosphoramidate conjugates. Among these 
conjugates tetra substituted porphyrin-phosphoramidates showed higher 1O2 values and 
among the tetra substituted derivatives, the porphyrin-phosphoramide with butyl chain (n 
= 4) showed the highest 1O2 value.  
Tomé and co-workers reported the synthesis of tetra cationic Pors (Figure 1.11) and 
studied their activity against fungal conidia (antifungal activity).85 In this study, 4-
mercaptopyridine was substituted on TPPF20 using DEA as base at room temperature to 
yield tetra substituted mercaptopyridylPor. Sulphur, being the softer nucleophile than 
nitrogen, undergoes nucleophilic substitution at these mild conditions. Additionally, 
iodomethane and 1-iodopentane were reacted respectively to obtain tetra cationic Por 
derivatives. Compounds were tested on Penicilliumchrysogenum conidia strain. Among 
these cationic derivatives tetramethylpyridyl cationic Por showed better photodynamic 
inactivation. Recently, they reported cationic Pors with inverted pyridinium groups (Figure 
 
 
Figure 1.11. Tetra cationic pyridyl porphyrins, see ref. 85, 86. 
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11)86 where they reacted 4-hydroxypyridine with TPPF20. Nitrogen, being a softer 
nucleophile than oxygen, is observed to undergo substitution and tautomerize to pyridone 
form. Further reaction with DMSO, cationic methoxypyridylporphyrin was obtained.  
Recently, Vicente and co-workers published the synthesis and in vitro studies of 
carboranePor derivatives containing three p-carborane and cancer targeting units such as 
polyamines, glucose, peptide and amino acid. In addition, symmetric Por containing four 
p-carborane units for applications in BNCT and/or PDT (Figure 1.12) were reported.42, 45 
Symmetric tetra substituted porphyrin-p-carborane was obtained in quantitative yields. The 
PEG derivative was further conjugated to peptide (YRFA) and amino acid (lysine) via an 
amide coupling reaction. Phototoxicity, dark toxicity, cell uptake, localization and in vitro 
BBB studies were carried on all these conjugates. None of the conjugates showed dark 
toxicity when tested on human glioma T98G cell line and the polyamine, spermine, 
conjugates are most taken up by these cells and the most phototoxic. Human carcinoma 
HEp2 cell line studies showed that polyamine conjugates were mainly localized in Golgi, 
endoplasmic reticulum, and mitochondria while the glucose conjugate was localized in 
 
 
Figure 1.12. Asymmetrical carborane-porphyrin conjugates for BNCT, see ref. 42, 45. 
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mitochondria and lysosomes. Arginine and peptide (YRFA) localize in Golgi, lysosomes, 
and mitochondria. Moderate permeability of these compounds was observed when in vitro 
blood brain barrier (BBB) studies on human brain capillary endothelial hCMEC/D3 cells 
were conducted. The low dark toxicity and good phototoxicity for some of the polyamine 
conjugates reveal that these compounds could be promising agents for treating cancers with 
BNCT and PDT combined.   
 
1.2.2. Chlorins, Isobacteriochlorins and Bacteriochlorins in Biological Applications 
A way to improve the cancer diagnostics potential and PDT efficacy of porphyrinoids 
(e.g. treating deep tumor tissues) is to enhance the NIR absorption bands.87-89 Chl, Ibac, 
and Bac are considered promising PS due to a strong NIR absorption and minimal dark 
toxicity. Chls are derivatives of Pors with one double bond on the pyrrole missing, Ibac are 
missing two double bonds on adjacent pyrroles and Bacs are missing two double bonds on 
opposite pyrroles. CF20, IF20 and BF20 (Figure 1.1) synthesis from TPPF20 was reported by 
Cavaleiro and co-workers.18 
Vicente and co-workers utilized the CF20 to substitute 1-mercapto-o-carborane (Figure 
1.13).69  This compound showed no dark toxicity and localized in cell lysosymes when 
tested using HEp2 cell line. Fluorescence microscopy studies revealed that this compound 
is mostly found in the cytoplasmic membrane when tested using B16F1 melanotic 
melanoma cells. In vitro and in vivo results suggest that this compound can be used as PDT 
agent in conjunction with BNCT.70 Kalinin and co-workers reported the synthesis of 
boronated Chls and Pors via regioselective substitution of lithiocarboranes onto TPPF20 and 
CF20 (Figure 1.13).
90 
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Our group reported the synthesis of three nonhydrolysable tetrathioglycosylated 
porphyrinoids (CGlc4, IGlc4, and BGlc4).
91 Hirohara and co-workers reported the synthesis 
and in vivo studies of S-glucose and S-galactose substituted Chl derivatives (Figure 1.14).92 
These glucose and galactose chlorin derivatives were synthesized via nucleophilic aromatic 
substitution of acetyl protected S-glucose or acetyl protected S-galactose onto CF20 
followed by deprotection. In vitro studies of CGlc4 and CGal4 are compared with previously 
reported PGlc4 and PGal4
32 using HeLa cell line. Both CGlc4 and PGlc4 showed continuous 
uptake up to 24 hours while other two compounds reached plateau after 12 hours. 
Our group reported the photophysical properties and in vitro studies of CGlc4, IGlc4, 
and BGlc4 (Figure 1.14).
93 CGlc4 and IGlc4 have stronger and redder absorption bands 
compared to PGlc4 and increased fluorescence quantum yield by 6- and 12-fold, 
respectively in phosphate buffered saline (PBS). BGlc4 has the lowest energy Q-band and 
is considerably red shifted to 730 nm with nearly 50-fold greater absorbance but the 
fluorescence quantum yield is similar to PGlc4. Fluorescence imaging studies of these 
 
 
Figure 1.13. Symmetrical tetra substituted carborane-chlorin conjugates, see ref. 69, 90. 
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conjugates using MDA-MB-231 and mouse embryonic fibroblast cells K:Molv NIH 3T3 
reveal that these compounds are taken up by cancer cells. These compounds were also 
studied for two photon fluorescence imaging on Chinese hamster ovary cells and we found 
that IGlc4 has good two photon absorption (TPA) between 760 – 880 nm, and the cross 
section is 24.5 GM at 860 nm.94 Hirohara and co-workers then reported the synthesis of 
Pd(II) complexes of CGlc4 and studied in vitro photocytotoxicity (Figure 1.14).
95 As 
expected from numerous prior studies,96-97 the presence of the heavy atom Pd(II) enhances 
 
 
Figure 1.14. Pd and free base CGlc4, free base CGal4, free base IGlc4, and free base BGlc4. 
See ref. 92, 93, 95. 
 
 19 
the singlet oxygen quantum yield. However, they found that free base CGlc4 has higher in 
vitro photocytotoxity compared to the Pd(II) complex using HeLa, metastatic B16-BL6, 
weakly metastatic B16F1, and metastatic 4T1 cell lines. Then, Morita and co-workers used 
xenograft tumor models to compare the PDT efficacy of CGlc4, non-glycosylated conjugate 
(CF20), and aspartyl chlorin (NPe6) using several different human cancer cell lines.
98 CGlc4 
showed better PDT efficacy and suppressed tumor growth with no side effects.99 
Recently, Bruckner and co-workers reported the nucleophilic substitution reaction of 
thioPEG with different chain lengths onto meso-tetrakis(pentafluorophenyl) 
oxazolochlorins to obtain tetra substituted pegylated oxazoloChl.100 
 
1.2.3. Corroles in Biological Applications 
Cors are porphyrinoids with potential uses as PS. Cors are tetrapyrrolic macrocycles 
with 18 π conjugated electrons but with one less meso carbon and stabilize +3 metal ions.101 
Cors have larger optical cross sections in the red compared with Pors due to stronger Q 
absorption bands between 450 nm and 650 nm. Corscan have high 1O2 generation quantum 
efficacy,102 thermal and photochemical stability,102  and can be metabolized faster in 
vivo.102-103 Cors are extensively studied as new generation PS for applications in PDT.40, 104 
The first synthesis of fluorinated Cor and water soluble pyridyl substituted fluorinated Cor 
derivatives was reported by Gross and co-workers.101, 105 In 2007, our group explored the 
substitution chemistry on fluorinated Cor (CorF15) with acetate protected glucose, xylose 
and thiopyridine.40 When thioglucose and thio xylose were mixed with CorF15 a library of 
six different products were observed as expected. An attempt to make a library of 18 
compounds by mixing CorF15 with thioglucose, thioxylose and thiopyridine resulted in only 
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17 (Figure 1.15). From this study, our group also observed that due to increase in acidity 
of Cor compared to Por, the substitution is somewhat slower and NMP solvent is best for 
substitution of nucleophiles on Cor.  The higher acidity is because of three NH pyrroles 
compared to two in Por. Barata and co-workers reported substitution of protected O-
glycosyl moiety on CoF15,
106 resulting in mono substituted product with two positional 
isomers (Figure 1.15). In vitro uptake and phototoxicity studies of these compounds using 
human acute T cell leukaemia (Jurkat cells) were carried out. There was good cell uptake 
but low phototoxicity.  
Osuka and co-workers reported the synthesis of both mono and tri substituted 
derivatives of fluorinated Cor via nucleophilic substitution of several amines (primary and 
secondary) with moderate to high yields (Figure 1.16).107 Recently,  Schoefberger and co-
workers reported both metallated and free base amino acid conjugates of CoF15 (Figure 
1.17).108 Thiazine ring formation was observed when CoF15 was reacted with cysteine. This 
 
 
 
Figure 1.15. Combinatorial library of sugars and pyridyl substituted corroles, see ref. 40, 106. 
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is due to the presence of nucleophiles S and N on the amino acid. The reaction was carried 
using strong base (NaH) and heat in DMSO. Due to these harsh conditions the softer S 
nucleophile reacts first replacing p-fluoro group followed by N reacting at meta position 
forming a stable six membered thiazine ring. 
 
 
Figure 1.16. Mono and tri amino substituted corrole derivatives, see ref. 107. 
 
 
 
Figure 1.17. Mono and di substituted amino acid-corrole derivatives, see ref. 108. 
 
 22 
1.2.4. Phthalocyanines in Biological Applications 
Pcs are chemically stable, and have a strong absorption peak in the NIR region of the 
optical spectra (λmax ≈ 670 nm, ε ≈ 105 L mol-1cm-1) where light penetrates deeper into 
tissues and have good 1O2 quantum yields.
109-111 Due to these properties, extensive research  
has been conducted on their synthesis and functionalization to tune their photochemical and 
photophysical properties.112 Disadvantages of these porphyrinoids include difficulties in 
purification, formation of isomeric mixtures, and strong aggregation. To solve these issues, 
present research focuses on fluorinated analogues.17 Several bio-motifs containing S, N, 
and O groups can be easily substituted using click substitution chemistry to obtain pure Pcs 
with better water solubility. Our group was the first to  report the synthesis of a zinc 
phthalocyanine (ZnPc) appended with eight nonhydrolysable thioglucose units obtained via 
nucleophilic substitution of acetyl protected thioglucose onto  commercially available 
ZnPcF16 (Figure 1.18).
113 Fluorescence microscopy of this compound on MDA-MB-231 
cell line showed a very good uptake but the compound aggregated resulting in quenching 
of fluorescence. Slow disaggregation of the glycolPc inside the cell or tissue may allow 
these compounds to be used diagnostically or therapeutically.68 
Tomé and co-workers reported the synthesis and photophysical properties of 
glycodendritic conjugates of Pors and Pcs  bearing eight and sixteen D-galactopyranose 
units on triazine linkers, respectively (Figure 1.18).114 When 1O2 studies were conducted, 
high quantum yields were observed, suggesting the potential as PDT agents. Recently, in 
vitro studies of hexadeca-galactophthalocyanine dendrimer (Figure 1.18) were carried on 
two different human bladder cancer cell lines, UM-UC-3 and HT-1376, for their PDT 
efficacy.115 They observed no dark toxicity, high cell uptake, and high phototoxicity. These 
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results were attributed due to the presence of galectin-1 and GLUT1 receptors on the two 
bladder cell lines. The same group synthesized the cationic octa substituted thiopyridyl 
phthalocyanine (Figure 1.18) via nucleophilic substitution of thiopyridine on ZnPcF16 
followed by methylation. The product was obtained in quantitative yields.116 Antiviral PDT 
activity was studied on this compound but did not show promising results.  
Recently, Tomé and co-workers reported Pc-CD conjugates (Figure 1.19) for cancer 
PDT.117 Three such derivatives Pc-α-CD, Pc-β-CD and Pc-γ-CD were synthesized via 
 
 
Figure 1.18. Symmetrical octa and hexadecaglycosyl-ZnPc, see ref. 113, 114, 115, 116. 
 
 
Figure 1.19. Amphiphilic cyclodexrin-Pc conjugates, see ref. 117. 
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nucleophilic substitution of cyclo-maltohexaose (α-CD), cyclo-maltoheptaose (β-CD) and 
cyclo-maltooctaose (γ-CD) on two fluorine atoms of PcF16. Then, they tested these 
compounds on UM-UC-3 bladder cancer cell line for phototoxicity and results revealed 
that Pc-α-CD and Pc-γ-CD exhibited higher phototoxicity compared to Pc-β-CD.  
 
1.2.5. Triply Bridged Fused Porphyrin in Biological Applications 
Current FDA approved PS have one-photon absorption peaks in the visible region 
(400nm to 650 nm).55 Dyes that have stronger absorption cross section in the NIR region 
such as Chl, Bac, IBac, Pc, and Por dimers were also prepared91, 113, 118 for treatment of 
deeper seated tumors.119 Recently, research has been carried on two-photon absorption 
(TPA) dyes that absorb two lower energy photons simultaneously to arrive at the same 
excited state as single photon absorptions. These TPA dyes have absorption bands in the 
NIR or infrared region (800-1100 nm) so scattering of these wavelengths in tissues are 
much less than higher energy photons.   
Osuka and co-workers report that hexakis(pentafluorophenyl) substituted meso-meso-
linked Zn(II) diporphyrin has little fluorescence, but a good TPA, and good 1O2 quantum 
yield.120 However, this compound is neither soluble in aqueous media nor specific towards 
diseased tissues for medical applications. Our group recently reported the synthesis and 
phototoxicity of the hexathioglucose derivative of the triply bridged fused Por dimer 
(Figure 1.20).121 This compound showed good 1O2 quantum yield (0.78 ± 0.03) in DMSO. 
In vitro phototoxicity studies carried on MDA-MB-231 breast cancer cell line showed 
significant cell death (IC50 = 13 µM) in agreement with 
1O2 results when white light was 
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exposed for 20 min, and after 24 hours 75% of cells were necrotic. No dark-toxicity was 
observed.     
1.3. Substituted Fluorinated Porphyrinoids for Applications in Materials 
The tremendous potential applications of Por, Pc and Cor derivatives come from their 
photophysical and electrochemical properties, remarkable stability, and ability to chelate to 
nearly every metal to further diversify the chemical properties. These applications include 
catalysis,53, 122-127 solar energy harvesting dyes,11, 43, 49-50, 52, 128 sensors,4, 36, 72, 129-132 and 
tracers.39 The multifunctional properties are modulated by appending various chemical 
moieties on the periphery of the macrocycles using nucleophilic aromatic substitution 
chemistry and by varying core metal. As photonic materials, the excocyclic motifs can be 
used to dictate the supramolecular organization of the dyes, which determines the efficiency 
of energy or electron transfer, determines the hierarchical order of films, and affords 
opportunities for molecular recognition of analytes. While metalloporphyrins can be good 
 
 
Figure 1.20. Hexathioglucose triply bridged fused porphyrin, see ref. 121. 
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catalysts and excellent sensors, Cors have been employed as environmental tracers. 
Porphyrinoid based solar energy harvesting devices have also been extensively studied. 
 
1.3.1. Catalysis 
Over the last few decades, many research groups have reported that synthetic 
metalloporphyrins can be efficient and selective catalysts for various oxidation and 
reduction reactions.122, 133-136 Pors with Fe, Mn, Co, and other metal ions have been used as 
catalysts in laboratory-scale reactions using a variety of oxygen sources.137 Such catalytic 
reactions can mimic the activity of cytochrome P450 monooxygenation reactions.53 The 
efficiency and catalytic activity of metalloporphyrins depends on a few variables; 
temperature, pressure, solvent, source of oxidant, axial ligand, and the structure of the 
substrate. These catalysts are observed to be effective in homogeneous systems. 
Hydrocarbon epoxidation and hydroxylation are typical products of these reactions.122 A 
variety of oxygen donors from molecular oxygen to peroxides, peracids, and 
iodosylbenzene are used for these reactions.138 Due to ease, availability, cost and greener 
approach, the molecular oxygen in air is preferable as oxygen donor because no energy is 
used to manufacture and store it.  
However, there are a few drawbacks to these catalysts as secondary reactions deactivate 
the catalytic species, often leading to low turnover number (TON). Self-oxidative 
degradation during the catalytic process is a key issue that limits use of metalloporphyrin 
as catalysts. To overcome this, electron withdrawing groups such as fluorines or bulky 
substituents are often appended to the Por macrocycle.139-140 The fluorous porphyrinoid 
platforms allow facile substitution chemistry to append exocyclic moieties that modulate 
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catalysis. Supramolecular Por catalysts are designed to prevent self-oxidative degradation 
and to enhance substrate selectivity for quicker catalysis and better TON.53-54 To minimize 
oxidative damage and to develop metalloporphyrins141-145 with more robust structures, our 
group prepared aggregated metalloporphryins into organic nanoparticles (ONP)53-54. 
McKeown and co-workers126 have reported that hydroquinone oxidation catalytic 
activity is enhanced in spiro-linked porphyrinoid polymer network. There was a significant 
difference seen in comparison to the small molecular mass derivative for H2O2 
decomposition, cyclohexene oxidation and hydroquinone oxidation. These materials mimic 
the biological systems in which the rigid spiro-linked network creates space around the 
active sites which allows the substrate to gain access and reaction to take place. There is a 
potential for heterogeneous catalysis of network polymers of intrinsic microporosity 
(PIMs) with catalytic active units incorporated within. 
Breslow and co-workers127 used the simple click-type chemistry to append β-CD onto 
the TPPF20 macrocycle (Figure 1.21). In this case the β-CD behaves as an artificial binding 
pocket for catalysis while the natural Por core catalytic properties are retained. They report 
that fluorines on the phenyl rings stabilize the Por against autooxidative destruction. This 
stability results in a high TON and the appended β-CD provides substrate and 
regio/stereoselectivity in the hydroxylation of steroid substrates. 
George and co-workers124 reported Por derivatized with fluorous ‘ponytails’ as biphasic 
catalysts (Figure 1.21) to achieve photo-oxidations in supercritical carbon dioxide with 1O2. 
This study revealed that the fluorinated Por photocatalyst can be recycled 10 times. This is 
a dramatic increase in catalyst stability compared to previous studies. 
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Nakagaki and co-workers123 have reported ethylene glycol substitution onto the core 
TPPF20 platform (Figure 1.21) and found that p-fluorines on the meso-aryl groups substitute 
preferentially. After metallation of the free-base macrocycles with iron and manganese, 
these materials were immobilized on layered double hydroxide (LDH) and silica supports. 
These materials are found to be catalytically active in the oxidation of (Z)-cyclooctene and 
cyclohexane by iodosylbenzene. The stability of the materials allowed their reuse for at 
least three additional cycles of (Z)-cyclooctene oxidation. Earlier this year, the same 
group122 published substituting galactodendritic moieties onto the core TPPF20 platform 
(Figure 1.21). The supported Cu(II) and Zn(II) complexes are catalytically active towards 
oxidation of alkenes, alcohols, and catechol and can be reused.  
 
 
 
Figure 1.21. Tetra substituted metallated and non-metallated porphyrin thio and oxy 
derivatives, see ref. 53, 54, 122, 123, 124, 125, 126, 127. 
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Our group53-54 has published a green chemistry approach to develop ONP from 
substituted metalloporphyrins for oxidative catalysis of olefins and alkenes. These 10-30 
nm ONP are easily formed by injecting the metalloporphyrin in a host solvent such as 
DMSO or DMF into water while vigorously mixing. Since water is the primary solvent (ca. 
95%) and the ONP activate molecular oxygen in air, these catalysts avoid halogenated 
solvents or toxic oxygen sources such as iodosylbenzene.  The energy requirements are 
minimal because the reactions are run at ambient temperature and pressure. We appended 
highly fluorinated alkyl groups on the para positions of the core TPPF20 (Figure 1.21). 
Oxidative catalysis studies on cyclohexene with various Fe(III) and Mn(III) 
metalloporphyrins show that the rate of oxidation by the ONP is much slower than the 
solvated compounds, but the TONs are 10-50-fold greater. An onion peel mechanism was 
proposed to explain the slow reactivity and increased TON for these ONP, where only the 
outer layer of Por are available for the oxidative process, and when these are oxidatively 
compromised, they exfoliate to expose the next catalytically active layer. 
Superoxide (SO) anion radical has dramatic damaging effects on living organisms. The 
main biological defence system to mitigate SO are superoxide dismutase (SOD) 
enzymes.146-147 SODs are enzymes that catalyse the dismutation of SO to hydrogen 
peroxide and oxygen very efficiently. SOD contains a redox-active metal with the 
capability of oxidizing and reducing SO. The endogenous SOD may not be sufficient to 
remove the highly produced SO under some therapeutic conditions, but direct injection of 
these enzymes as pharmaceutical agents have problems in terms of stability, 
immunogenicity and bioavailability.136 These problems invite research to develop stable 
and non-toxic low molecular weight SOD mimics for therapeutic applications.  
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Gross and co-workers136 reported that metal complexes such as Mn(III) or Fe(III) 
Cors148-149 (Figure 1.22) catalyze the dismutation of SO. Fe(III) and Mn(III) complexes of 
the 3,17-bis-sulfonated Cor have been found to be excellent catalysts for the decomposition 
of peroxynitrite.136 The p-fluorines have been substituted with methoxygroups to enhance 
the stability and solubility of these Cors.136 The iron Cor derivative is found to be more 
reactive than the manganese complex. The reactions of metallocorroles start with reduction 
of SO rather than oxidation.  
  
 
 
Figure 1.22. Tri methoxy substituted bis-sulfonated corroles. See ref 136. 
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1.3.2. Sensors 
The last 40 years witnessed an explosive growth in developing sensors and biosensors 
as portable and economical tools in analytical chemistry. The strong colours, fluorescence, 
electrochemical activity, stability, and ligation properties of fluorinated porphyrinoids 
enable them to be the functional heart of sensors.132 The fluorous porphyrinoid platforms 
facilitate substitution chemistry to append ligands of choice onto the macrocycle to 
recognize and report on a diverse array of analytes.  
Anions play crucial roles in a number of chemical, biological and environmental 
processes.150-151 Diseases such as osteoporosis, Alzheimer’s, and cystic fibrosis are caused 
by perturbations in anion fluxes across cell membranes.152-154 Anions including cyanide and 
arsenate are considered a threat when present in the environment which requires a need  for 
systems capable of controlling and monitoring these species.155 MetalloPors with metals 
such as zinc, rhodium, silver, gold or copper can be used as cyanide sensors because of the 
essential affinity of cyanide to these metals.132 
The environmental and biological importance of anions accounts for a critical need for 
a sensor design to effectively detect these species. Amines and polyamines,156 
calixpyrroles,157 subphthalocyanines,158 Cors,159 and Pors160 are used to create anion 
receptors. Anion recognition involves the NH groups of the pyrrole units in Pors. However, 
with the discovery of substitution chemistry on these macrocycles, recognition can take 
place outside the macrocycle. Due to sterics, the inner NH groups are less effective 
hydrogen bond donors compared to the substituents on the periphery of the macrocycle. 
For instance, several Pors bearing NH groups at the ortho positions of meso-aryl 
substituents have been demonstrated as being effective anion sensors.160 Pors bearing 
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substituents at the para position of the meso-aryl groups can also be used for anion 
recognition. TPPF20 can be used as a platform to build new polyamine anion hosts that are 
effective receptors for dihydrogen phosphate in organic media.154 Tomé and co-workers154 
have substituted various diamines onto the core TPPF20 platform for development of 
phosphate anion sensors (Figure 1.23). These sensors are reported to interact preferentially 
with phosphate anions both in organic solutions and in basic aqueous media when coated 
on gold piezoelectric quartz crystals. 
Recently, Bruckner and co-workers132 showed pyrrole-modified Pors bearing a lactone 
functional group at the macrocycle periphery as optical cyanide sensors. Nucleophilic 
attack of the cyanide onto the lactone moiety is proved to be the sensing mechanism. A 
change in the hybridization of the carbonyl carbon couples electronically to the macrocycle 
and results in a 100 nm red-shifted absorbance band and the Soret band decreases in 
 
 
Figure 1.23. Symmetric metallated and free base oxy and amino substituted porphyrin for 
applications as sensors, see ref. 36, 39, 132, 154. 
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intensity upon cyanide addition. Substitution of the p-fluorine on the pentafluorophenyl 
moiety with PEG groups leads to water-soluble derivatives allowing for cyanide sensing in 
purely aqueous solutions. 
Dissolved oxygen (DO) is related to water quality, medicine, food freshness, respiration 
and metabolism in living organisms, and many other biological applications.161-163 
Mechanism such as fluorescence quenching, oxygen pressure and electrochemistry are used 
to develop oxygen sensors.36, 162-166 Pt(II) and Pd(II) Pors167-168 are typical chemical 
materials acting as fluorescence-based oxygen sensors because of their long triplet state, 
variable lifetimes from a few to tens of microseconds and respectable triplet-triplet energy 
transfer from these compounds to oxygen molecules. When this energy transfer takes place, 
the emission intensities and the lifetimes of these sensors is shortened. Pt(II)TPPF20 is an 
excellent sensor because of its good response to oxygen concentrations and high 
photostability compared to other chromophores.169-170 Meldrum and co-workers36 reported 
the synthesis of a new sensor for DO. Simple click-type substitution chemistry was used 
on the Pt(II)TPPF20 platform. The resulting sensor carries four cross-linkable 
methylacrylate functional moieties (Figure 1.23) which can be polymerized and cross-
linked with other monomers for polymer sensing film. The sensor was then linked to 
hydrophilic poly(2-hydroxyethylmethacrylate)-co-polyacrylamide (PHEMA) and 
hydrophobic polystyrene (PSt) films. The long fluorescence life time and sufficient triplet-
triplet energy transfer between the porphyrinic based sensors and oxygen molecules results 
in a decrease of the oxygen sensors’ emission intensities and a shortening of their lifetimes.  
Recently, Pcs, coumarinderivatives,171 and naphthalocyanines172 have been used as 
fluorescent markers for petroleum fuel derivatives. These compounds are not visible with 
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naked eye under visible light. However, because of the large optical cross sections and 
fluorescent properties, they can be easily detected by UV light. In this case, some 
characteristics of efficient fluorescent markers include 1) good fuel solubility; 2) ambient 
light invisibility; 3) prolonged shelf-life and stability; 4) fluorescence emissions in the 
regions other than those of the fuel itself; 5) cost effective and efficient synthesis at large 
scale.39, 173  Porphyrinoids, Pors in particular, are excellent sensor dyes that possess intrinsic 
photophysical properties that match the requirements for a fuel labelling marker. Fraudulent 
fuel adulteration and misuse has increased over the years to avoid taxation laws. The 
desired characteristics for a good fuel labelling system are obtained by substituting non-
polar moieties on the commercially available TPPF20 platform resulting “invisible” 
fluorescent biodiesel markers.39 Serra and co-workers39 have reported the substitution of 1-
hexadecyloxy- and ethoxy-substituents onto the p-fluoro positions of TPPF20 (Figure 1.23). 
The developed sensor dyes are soluble in both hydrophobic and hydrophilic environments. 
The compounds were found to be stable in biodiesel environment for up to three months. 
Because of the high stability, solubility and ease of preparation, these markers are reported 
as efficient and cost effective. 
Cosnier and co-workers130 have shown the substitution of p-fluoro groups on zinc and 
manganese TPPF20 macrocycles with electropolymerizable pyrrole groups (Figure 1.23). 
The electro- oxidation of these metalloporphyrins with functionalized pyrrole groups leads 
to electrogeneration of polypyrrole films and the electrochemical behaviour of the Pors is 
retained. The catalytic properties of these materials are associated with the advantages 
conferred by the electrochemically formed polymers and allow use as a new oxidase based 
biosensor involving a reductive detection of H2O2.  
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1.3.3. Solar 
Porphyrinoid molecules have great potential applications because of their light 
absorbing properties. Their stability in harsh environments makes them suitable for 
applications such as solar energy harvesting. In addition, many of these dyes are low-cost, 
which makes them suitable for photovoltaic (PV) devices.  Pc organic dyes have energy 
band gaps that are well-matched to the incident solar spectrum.10 However, use of Pcs in 
low-cost solar cells faces complications because of poor solubility in organic solvents and 
narrow absorption bandwidths in the red (Q-band) and ultraviolet (B-band) wavelengths.10 
Pcs have been used in bulk heterojunction (BHJ) solar cells.50, 128, 174-175 Some solar cell 
designs contain zinc and copper Pc complexes and also contain various C60 derivatives, 
where vapour-deposition techniques are used to make specified layers.128 Soluble dyes have 
also been used in layered devices or BHJ solar cells.128, 176 The commercially available 
fluorinated Pc platforms allow for click-type alkylation chemistry and design of a series of 
robust, chemically compatible dyes with tuneable optical band gaps and energy levels.43, 49-
50, 128 The resulting dyes absorb a different portion of the solar spectrum in these devices. 
The semiconductor active layer is composed of a blend of Pc derivatives having different 
optical band gaps to capture a larger fraction of the solar spectrum. Substitution of 
peripheral fluoro groups on hexadecafluorophthalocyaninatozinc(II) (ZnPcF16) by 
thioalkanes allows for better solubility. The frontier molecular orbitals (HOMO and 
LUMO) are primarily delocalized on the ring periphery. Substitution of electron-
withdrawing groups with electron-donating groups outside the macrocycle affects the 
orbital energy levels.128 The destabilization of the HOMO is more than the LUMO which 
results in decreased optical band gaps and the corresponding absorption wavelengths shifts 
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toward longer wavelengths in the NIR.49-50, 128 This substitution chemistry is used to cover 
a different and larger portion of the solar spectrum.  
We have reported the substitution of thioalkyl substituents onto the ZnPcF16 platform 
for fine tuning the absorbance of this dye (Figure 1.24).128 The number of thioalkane versus 
fluorine substituents directly dictates the red-shift in the absorbance spectrum, especially 
of the Q-bands. There is a ca. 6.5 nm red shift for every fluorine substituted by thioalkane. 
Furthermore, solar cells made of blends of three dyes result in better efficiency than 
expected from individual dye performance because of broader coverage of the solar 
spectrum and synergistic charge migration. We also reported50 substituting the core 
ZnPcF16 platform with diverse thioalkanes to control the morphology and the packing of 
dyes in BHJ  devices (Figure 1.24). Charge migration is not hindered because the Pc 
molecules have substantially overlapping HOMO-LUMO gaps. Similarly, from ZnPcF16 
we have synthesized49 a dye bearing long alkane moieties on all 16 positions (Figure 1.24). 
 
 
 
Figure 1.24. Thio substituted phthalocyanines, see ref. 49, 50, 128. 
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This promotes self-organization into nanoparticles and nano films on indium tin oxide 
(ITO) and glass surfaces. The particles are highly monodispersed and changing the 
concentration of the chromophores in solution can control their size upon surface 
deposition. We report substitution of some thioalkyl groups but any primary thiolated 
moiety can be appended to investigate the role of exocyclic motifs on the properties of 
nanomaterials.  
Por is also robust enough to be incorporated in light harvesting devices. Plants use 
various chlorophylls to cover as much of the solar spectrum as possible.177 Natural dyes are 
not robust enough to incorporate into devices because they are typically not stable for a 
prolonged times, such as the span of years for a solar energy device. A useful solar cell 
would be expected to have 15 to 20 years of life. The TPPF20 and PcF16 may be able to 
withstand these conditions, so are considered good candidates for light harvesting. The 
maximum absorption of Por is a B (Soret) band at 390–430 nm with high molar coefficients 
and several Q-bands between 500 and 650 nm. Thus, TPPF20 and its derivatives can be used 
to cover the blue end of the solar spectrum, while derivatives of PcF16 cover the red end. 
These macrocycles combined have good optical densities in the middle of solar spectrum 
and afford a range of dyes to incorporate into various devices.  
Our group has done studies43 using the TPPF20 platform to put fluoroalkanes on the 
macrocycle to investigate the self-organization of the chromophore with C60 via a co-
deposition process into thin-films (Figure 1.25). We observed a significant quenching of 
the Por fluorescence because of electron transfer to the C60 electron acceptor. Kral and co-
workers178 have also reported functionalizing the Por macrocycle with highly fluorous 
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groups (Figure 1.25). The authors suggest that the compounds have potential in drug 
delivery, transport of gases, and solar cells if morphological packing is appropriate. 
For a PV device to work efficiently and properly there must be a continuous conductive 
medium between the light absorbing dye and the electron acceptor to transfer the electron 
and create a charge separation. Our group has recently developed a Por dimer linked by a 
flexible dithiol tether (Figure 1.26).52 Upon mixing the dimer with C60 and C70 we 
discovered that it preferentially binds with fullerene C70 over C60 in toluene solution. The 
dimer-fullerene complex also forms stable aggregates when casted on glass. This type of 
binding studies can open opportunities for future research where the electron acceptor is 
kept in close proximity to the dye for a more efficient charge transfer without modification 
of the C60, which is usually detrimental to the system. 
 
 
Figure 1.25. Highly fluorinated symmetric porphyrin, see ref. 43, 178. 
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We have shown51, 179 that click chemistry can be used to append thioalkyl tethers which 
can be attached to Au surface for rapid assessment of chain length and dye association 
(Figure 1.27). Free base and zinc Por complexes were studied and both were found to bind 
near the edges of alkane thiol layer. Zn complexes were observed to form small aggregates 
held together via π-π stacking or pyridyl-Zn interactions. Among these two the free base 
 
 
Figure 1.26. Zn porphyrin dimer connected via thio alkyl tether, see ref. 52. 
 
 
 
Figure 1.27.  A.  Porphyrin molecule with thiol tether (optimized structure from DFT calculations) 
(Zn or H2 is grey,  carbon is aqua blue, hydrogen is white, nitrogen is blue, fluorine is pink, and 
sulphur is yellow). B. Scheme showing geometry of thioalkyl substituted porphyrin inserting 
between alkanethiols. see ref. 51, 179. Reproduced with permission from ref 51. Copyright 2015 
American Chemical Society 
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acts as a stochastic switch and the Zn complex aggregates show evidence of quantum 
cascade.   The effective overlap of frontier orbitals favours charge transfer in the Zn 
complex while minimal charge transfer was observed for the free base Por. 
 
1.4. Conclusions and Future Perspective 
One major issue with the synthesis of functional groups covalently bound to 
porphyrinoids for applications in medicine and materials is the cost and ease of production 
at multi-gram scales. To bring the synthetic costs in ranges for potential commercialization, 
straight forward and high yield synthetic organic strategies are needed for the construction 
of substituted porphyrinoid conjugates. Thus, the fluorinated porphyrinoids (TPPF20, PcF16, 
CF20, IF20, BF20 and CorF15) are used as platforms to obtain an array of porphyrinoid 
derivatives via straightforward nucleophilic aromatic substitution. Compared to non-
fluorinated porphyrinoid derivatives, fluorinated ones show an equally diverse range of 
physical and chemical properties. The presence of fluorines also improves the stability of 
these molecules to oxidative damage and brings further functionality. Various nucleophiles 
such as glycol, sugars, polyamines, peptides, amino acids, and carboranes were substituted 
on fluorinated porphyrinoids to improve biological efficacy, solar energy absorbance, 
molecular packing in thin films, catalytic activity and stability. Another advantage of this 
strategy is that various motifs such as disease targeting and for therapy can be readily tagged 
onto a fluorinated porphyrinoid. Lately, fused fluorinated porphyrionoids with NIR 
absorption and/or TPA have been investigated and showed potential as PS. These 
fluorinated porphyrinoid platforms continue to be exploited in designing drugs that can 
effectively target and treat diseases such as cancers, be the signal transducer in sensors, as 
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catalysts, and to develop photonic films for solar cells. For the ZnPcF16, exchange of the 
fluorine group for an thioalkane leads to a systematic red-shift of the absorbance spectrum, 
thereby creating a family of closely related dyes with substantial alignment of the HOMO-
LUMO gaps, that then facilitate charge transport in materials composed of these dyes. Since 
the aryl groups on TPPF20 are orthogonal to the macrocycle, substitution of the p-fluorine 
has only small effects on the photophysics. The ability to chelate to most metals allows for 
creation of molecular catalysts and sensors. 
Many biomolecules are robust under the conditions used for the nucleophilic 
substitution on these porphyrinoids, but some proteins and peptides may not. To append 
sensitive biomolecules, e.g. antibodies, a tether can be appended on to the preformed 
fluorous porphyrinoid followed by conjugation of the sensitive biomolecule. The remaining 
fluorine groups present on these porphyrinoids after substitution (16 remaining on the 
TPPF20, CF20, IF20, BF20 platforms; 12 remaining on the CorF20 platform; and 1-15 
remaining on the PcF16 platform) can be used as adjunct imaging modalities, e.g. 
19F NMR 
imaging, carbon–fluorine spectroscopy (CFR), and fluoro-Raman spectroscopy (FRS). 
Fluorines can be substituted with radio isotopes such as 18F (t1/2 = 110 mins),
180 123I (t1/2 = 
13.22 hours),181 and  131I (t1/2 = 8 days)
182 via reactions of fluorinated porphyrinoids with 
K18F/Na131I/Na123I and crown ethers. The K+ and Na+ chelator, kryptofix, may allow F-18, 
I-123 and I-131 labelling at elevated temperatures. 18F porphyrinoids can be used as PET 
imaging agents without altering the photophysics for fluorescence imaging, and 123I 
porphyrinoids as single photon emission computed tomography (SPECT) imaging agents. 
131I can be used as radiotherapy and imaging agent to treat cancers effectively as an adjuvant 
to PDT. The biomedical applications of fluorinated porphyrinoids has been reviewed.17  
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Por molecules have a propensity to bind with electron acceptors such as C60 and C70. 
This opens a new window of research for further development of these materials where the 
electron acceptor is trapped in the complex allowing for a better connection and charge 
transfer. These complexes may result in more efficient solar cells and devices. Various 
thioalkane nucleophiles have been substituted onto these core platforms, wherein the 
alkanes dictate nanostructure morphologies.53, 183 The mechanism of nanoparticle (NP) 
formation, the size of the NPs, the stability, and the organization of the Pors in the NPs 
exquisitely depends on the exact structure of the Por and the methods to make the NPs.183 
Recent advances in porphyrin-based metal-organic-framework (MOF) materials for 
catalysts, gas storage, and sensors builds upon earlier work in the self-assembly of 
porphyrins by metal ion coordination.11, 184-185  Clicking metal ion coordination groups to 
these core platforms may facilitate the discovery and development of new MOF and 
hierarchically structured porphyrinoid materials.  Hierarchical structure is of paramount 
importance in photonic materials.186 As illustrated by the work described herein, these six 
and other fluorous porphyrinoid platforms enable the rapid, facile discovery of new 
theranostic, sensor, and photonic materials without complex, multistep reactions and 
tedious purifications. 
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118. Singh, S.; Aggarwal, A.; Thompson, S.; Tomé, J. P. C.; Zhu, X.; Samaroo, D.; Vinodu, M.; 
Gao, R.; Drain, C. M., Synthesis and Photophysical Properties of Thioglycosylated Chlorins, 
Isobacteriochlorins, and Bacteriochlorins for Bioimaging and Diagnostics. Bioconjugate Chem. 
2010, 21, 2136-2146. 
 
119. Achelle, S.; Couleaud, P.; Baldeck, P.; Teulade-Fichou, M.-P.; Maillard, P., Carbohydrate–
Porphyrin Conjugates with Two-Photon Absorption Properties as Potential Photosensitizing 
Agents for Photodynamic Therapy. Eur. J. Org. Chem. 2011, 2011, 1271-1279. 
 
120. Mori, H.; Tanaka, T.; Aratani, N.; Lee, B. S.; Kim, P.; Kim, D.; Osuka, A., An Electron-
Deficient Porphyrin Tape. Chem. - Asian J. 2012, 7, 1811-1816. 
 
121. Singh, S.; Aggarwal, A.; Bhupathiraju, N. V. S. D. K.; Newton, B.; Nafees, A.; Gao, R.; 
Drain, C. M., Synthesis and Cell Phototoxicity of a Triply Bridged Fused Diporphyrin Appended 
with Six Thioglucose Units. Tetrahedron Lett. 2014, 55, 6311-6314. 
 
 53 
122. Castro, K. A. D. F.; Silva, S.; Pereira, P. M. R.; Simões, M. M. Q.; Neves, M. d. G. P. M. 
S.; Cavaleiro, J. A. S.; Wypych, F.; Tomé, J. P. C.; Nakagaki, S., Galactodendritic Porphyrinic 
Conjugates as New Biomimetic Catalysts for Oxidation Reactions. Inorg. Chem. 2015, 54, 4382-
4393. 
 
123. Castro, K. A. D. F.; Simoes, M. M. Q.; Neves, M. G. P. M. S.; Cavaleiro, J. A. S.; Wypych, 
F.; Nakagaki, S., Glycol Metalloporphyrin Derivatives in Solution or Immobilized on Ldh and 
Silica: Synthesis, Characterization and Catalytic Features in Oxidation Reactions. Catal. Sci. 
Technol. 2014, 4, 129-141. 
 
124. Hall, J. F. B.; Han, X.; Poliakoff, M.; Bourne, R. A.; George, M. W., Maximising the 
Efficiency of Continuous Photo-Oxidation with Singlet Oxygen in Supercritical Co2 by Use of 
Fluorous Biphasic Catalysis. Chem. Commun. 2012, 48, 3073-3075. 
 
125. Lipińska, M. E.; Rebelo, S. L. H.; Freire, C., Iron(Iii) Porphyrin Anchored onto 
Organosilylated Multiwalled Carbon Nanotubes as an Active Catalyst for Epoxidation Reactions 
under Mild Conditions. J. Mater. Sci. 2014, 49, 1494-1505. 
 
126. Mackintosh, H. J.; Budd, P. M.; McKeown, N. B., Catalysis by Microporous 
Phthalocyanine and Porphyrin Network Polymers. J. Mater. Chem. 2008, 18, 573-578. 
 
127. Yang, J.; Gabriele, B.; Belvedere, S.; Huang, Y.; Breslow, R., Catalytic Oxidations of 
Steroid Substrates by Artificial Cytochrome P-450 Enzymes. J. Org. Chem. 2002, 67, 5057-5067. 
 
128. Varotto, A.; Nam, C.-Y.; Radivojevic, I.; P. C. Tomé, J.; Cavaleiro, J. A. S.; Black, C. T.; 
Drain, C. M., Phthalocyanine Blends Improve Bulk Heterojunction Solar Cells. J. Am. Chem. Soc. 
2010, 132, 2552-2554. 
 
129. Rutishauser, J.; Kopp, P., Surprising News: A Putative Sulfate Transporter Is Defective in 
Pendred's Syndrome. Eur J Endocrinol 1998, 138, 623-4. 
 
130. Carvalho de Medeiros, M. A.; Gorgy, K.; Deronzier, A.; Cosnier, S., Design of New 
Electropolymerized Polypyrrole Films of Polyfluorinated Zn(Ii) and Mn(Iii) Porphyrins: Towards 
Electrochemical Sensors. Mater. Sci. Eng., C 2008, 28, 731-738. 
 
131. Liu, S. F.; Petty, A. R.; Sazama, G. T.; Swager, T. M., Single-Walled Carbon 
Nanotube/Metalloporphyrin Composites for the Chemiresistive Detection of Amines and Meat 
Spoilage. Angew. Chem., Int. Ed. 2015, 54, 6554-6557. 
 
132. Worlinsky, J. L.; Halepas, S.; Bruckner, C., Pegylated Meso-Arylporpholactone Metal 
Complexes as Optical Cyanide Sensors in Water. Org. Biomol. Chem. 2014, 12, 3991-4001. 
 
133. Yella, A.; Lee, H.-W.; Tsao, H. N.; Yi, C.; Chandiran, A. K.; Nazeeruddin, M. K.; Diau, 
E. W.-G.; Yeh, C.-Y.; Zakeeruddin, S. M.; Grätzel, M., Porphyrin-Sensitized Solar Cells with 
Cobalt (Ii/Iii)–Based Redox Electrolyte Exceed 12 Percent Efficiency. Science 2011, 334, 629-
634. 
 54 
134. Batabyal, D.; Li, H.; Poulos, T. L., Synergistic Effects of Mutations in Cytochrome 
P450cam Designed to Mimic Cyp101d1. Biochemistry 2013, 52, 5396-5402. 
 
135. Smeureanu, G.; Aggarwal, A.; Soll, C. E.; Arijeloye, J.; Malave, E.; Drain, C. M., 
Enhanced Catalytic Activity and Unexpected Products from the Oxidation of Cyclohexene by 
Organic Nanoparticles of 5,10,15,20-Tetrakis-(2,3,4,5,6-Pentafluorophenyl)Porphyrinatoiron(Iii) 
in Water by Using O(2). Chemistry (Weinheim an der Bergstrasse, Germany) 2009, 15, 12133-
12140. 
 
136. Eckshtain, M.; Zilbermann, I.; Mahammed, A.; Saltsman, I.; Okun, Z.; Maimon, E.; Cohen, 
H.; Meyerstein, D.; Gross, Z., Superoxide Dismutase Activity of Corrole Metal Complexes. Dalton 
Trans. 2009, 7879-7882. 
 
137. Kudrik, E. V., et al., An N-Bridged High-Valent Diiron–Oxo Species on a Porphyrin 
Platform That Can Oxidize Methane. Nat. Chem. 2012, 4, 1024-1029. 
 
138. Liu, Q.; Guo, C. C., Theoretical Studies and Industrial Applications of Oxidative 
Activation of Inert C-H Bond by Metalloporphyrin-Based Biomimetic Catalysis. Sci. China: 
Chem. 2012, 55, 2036-2053. 
 
139. Salvador, J. A. R.; Moreira, V. M.; Pinto, R. M. A.; Leal, A. S.; Paixão, J. A., Efficient 
Oxidation of Oleanolic Acid Derivatives Using Magnesium Bis(Monoperoxyphthalate) 
Hexahydrate (Mmpp): A Convenient 2-Step Procedure Towards 12-Oxo-28-Carboxylic Acid 
Derivatives. Beilstein J. Org. Chem. 2012, 8, 164-169. 
 
140. Ellis, P. E., Jr.; Lyons, J. E.; Shaikh, S. N., Novel Iron Meso-Nitrooctaethylporphine 
Complexes for the Catalytic Reaction of Alkanes with Molecular Oxygen. Catal. Lett. 1994, 24, 
79-83. 
 
141. Costa, L.; Faustino, M. A. F.; Neves, M. G. P. M. S.; Cunha, Â.; Almeida, A., 
Photodynamic Inactivation of Mammalian Viruses and Bacteriophages. Viruses 2012, 4, 1034-
1074. 
 
142. Zanoni, T. B.; Lizier, T. M.; Assis, M. d. D.; Zanoni, M. V. B.; de Oliveira, D. P., Cyp-450 
Isoenzymes Catalyze the Generation of Hazardous Aromatic Amines after Reaction with the Azo 
Dye Sudan Iii. Food and Chemical Toxicology 2013, 57, 217-226. 
 
143. Simões, M. M. Q.; De Paula, R.; Neves, M. G. P. M. S.; Cavaleiro, J. A. S., 
Metalloporphyrins in the Biomimetic Oxidative Valorization of Natural and Other Organic 
Substrates. J. Porphyrins Phthalocyanines 2009, 13, 589-596. 
 
144. Shen, D.-h.; Ji, L.-t.; Fu, L.-l.; Dong, X.-l.; Liu, Z.-g.; Liu, Q.; Liu, S.-m., Immobilization 
of Metalloporphyrins on Ceo2@Sio2 with a Core-Shell Structure Prepared Via Microemulsion 
Method for Catalytic Oxidation of Ethylbenzene. J. Cent. South Univ. 2015, 22, 862-867. 
 
 55 
145. Machado, G. S.; Groszewicz, P. B.; Castro, K. A. D. d. F.; Wypych, F.; Nakagaki, S., 
Catalysts for Heterogeneous Oxidation Reaction Based on Metalloporphyrins Immobilized on 
Kaolinite Modified with Triethanolamine. J. Colloid Interface Sci. 2012, 374, 278-286. 
 
146. Kato, R.; Kobayashi, Y.; Akiyama, M.; Komatsu, T., Human Serum Albumin Mutants 
Complexed Mn(Iii) Protoporphyrin Ix as Superoxide Dismutase Mimics. Dalton Trans. 2013, 42, 
15889-15892. 
 
147. Li, L.; Hu, G.-k., Pink1 Protects Cortical Neurons from Thapsigargin-Induced Oxidative 
Stress and Neuronal Apoptosis. Biosci. Rep. 2015, 35, e00174-1-8. 
 
148. Batinic-Haberle, I.; Spasojevic, I.; Stevens, R. D.; Hambright, P.; Neta, P.; Okado-
Matsumoto, A.; Fridovich, I., New Class of Potent Catalysts of O2.-Dismutation. Mn(Iii) Ortho-
Methoxyethylpyridyl- and Di-Ortho-Methoxyethylimidazolylporphyrins. Dalton Trans. 2004, 
1696-1702. 
 
149. Durr, K.; Macpherson, B. P.; Warratz, R.; Hampel, F.; Tuczek, F.; Helmreich, M.; Jux, N.; 
Ivanovic-Burmazovic, I., Iron(Iii) Complex of a Crown Ether-Porphyrin Conjugate and Reversible 
Binding of Superoxide to Its Iron(Ii) Form. J. Am. Chem. Soc. 2007, 129, 4217-4228. 
 
150. Gale, P. A., From Anion Receptors to Transporters. Acc. Chem. Res. 2011, 44, 216-226. 
 
151. Hoffmann, E. K., Anion Transport Systems in the Plasma Membrane of Vertebrate Cells. 
Biochim. Biophys. Acta 1986, 864, 1-31. 
 
152. Rutishauser, J.; Kopp, P., Surprising News: A Putative Sulfate Transporter Is Defective in 
Pendred's Syndrome. Eur. J. Endocrinol. 1998, 138, 623-624. 
 
153. Beer, P. D.; Gale, P. A., Anion Recognition and Sensing: The State of the Art and Future 
Perspectives. Angew. Chem., Int. Ed. Engl. 2001, 40, 486-516. 
 
154. Rodrigues, J. M. M., et al., New Porphyrin Derivatives for Phosphate Anion Sensing in 
Both Organic and Aqueous Media. Chem. Commun. 2014, 50, 1359-1361. 
 
155. Prados, P.; Quesada, R., Recent Advances in Macrocyclic and Macrocyclic-Based Anion 
Receptors. Supramol. Chem. 2008, 20, 201-216. 
 
156. Kubik, S.; Reyheller, C.; Stüwe, S., Recognition of Anions by Synthetic Receptors in 
Aqueous Solution. J. Inclusion Phenom. Macrocyclic Chem. 2005, 52, 137-187. 
 
157. Verdejo, B.; Rodriguez-Llansola, F.; Escuder, B.; Miravet, J. F.; Ballester, P., Sodium and 
Ph Responsive Hydrogel Formation by the Supramolecular System Calix[4]Pyrrole 
Derivative/Tetramethylammonium Cation. Chem. Commun. 2011, 47, 2017-2019. 
 
 56 
158. Palomares, E.; Martínez-Díaz, M. V.; Torres, T.; Coronado, E., A Highly Sensitive Hybrid 
Colorimetric and Fluorometric Molecular Probe for Cyanide Sensing Based on a 
Subphthalocyanine Dye. Adv. Funct. Mater. 2006, 16, 1166-1170. 
 
159. Santos, C. I. M.; Oliveira, E.; Barata, J. F. B.; Faustino, M. A. F.; Cavaleiro, J. A. S.; Neves, 
M. G. P. M. S.; Lodeiro, C., Corroles as Anion Chemosensors: Exploiting Their Fluorescence 
Behaviour from Solution to Solid-Supported Devices. J. Mater. Chem. 2012, 22, 13811-13819. 
 
160. Cormode, D. P.; Drew, M. G. B.; Jagessar, R.; Beer, P. D., Metalloporphyrin Anion 
Sensors: The Effect of the Metal Centre on the Anion Binding Properties of Amide-Functionalised 
and Tetraphenyl Metalloporphyrins. Dalton Trans. 2008, 6732-6741. 
 
161. Amao, Y., Probes and Polymers for Optical Sensing of Oxygen. Microchim. Acta 2003, 
143, 1-12. 
 
162. Wang, X.-d.; Chen, X.; Xie, Z.-x.; Wang, X.-r., Reversible Optical Sensor Strip for 
Oxygen. Angew. Chem., Int. Ed. 2008, 47, 7450-7453. 
 
163. Hasumoto, H.; Imazu, T.; Miura, T.; Kogure, K., Use of an Optical Oxygen Sensor to 
Measure Dissolved Oxygen in Seawater. J. Oceanogr. 2006, 62, 99-103. 
 
164. Tian, Y.; Shumway, B. R.; Gao, W.; Youngbull, C.; Holl, M. R.; Johnson, R. H.; Meldrum, 
D. R., Influence of Matrices on Oxygen Sensing of Three Sensing Films with Chemically 
Conjugated Platinum Porphyrin Probes and Preliminary Application for Monitoring of Oxygen 
Consumption of Escherichia Coli (E. Coli). Sens. Actuators, B 2010, 150, 579-587. 
 
165. Stich, M. I. J.; Schaeferling, M.; Wolfbeis, O. S., Multicolor Fluorescent and Permeation-
Selective Microbeads Enable Simultaneous Sensing of Ph, Oxygen, and Temperature. Adv. Mater. 
2009, 21, 2216-2220. 
 
166. Nagl, S.; Wolfbeis, O. S., Optical Multiple Chemical Sensing: Status and Current 
Challenges. Analyst 2007, 132, 507-511. 
 
167. M. R. Friswell, 1992, European Patent No. 0509818 A1. 
 
168. Krutak, J. J.; Cushman, M. R.; Weaver, M. A., Method for Tagging Petroleum Products. 
Google Patents: 1996. 
 
169. Han, B.-H.; Manners, I.; Winnik, M. A., Phosphorescence Quenching of Dyes Adsorbed 
to Silica Thin-Layer Chromatography Plates. Anal. Chem. 2005, 77, 8075-8085. 
 
170. Lee, S.-K.; Okura, I., Photostable Optical Oxygen Sensing Material: Platinum 
Tetrakis(Pentafluorophenyl)Porphyrin Immobilized in Polystyrene. Anal. Commun. 1997, 34, 
185-188. 
 
171. Friswell, M. R., 1992, European patent no. 0509818 A1. 
 57 
172. Krutak, J. J.; Cushaman, M. R.; Waever, M. A., 1996, US patent no. 5525516. 
 
173. Puangmalee, S.; Petsom, A.; Thamyongkit, P., A Porphyrin Derivative from Cardanol as a 
Diesel Fluorescent Marker. Dyes Pigm. 2009, 82, 26-30. 
 
174. de la Torre, G.; Claessens, C. G.; Torres, T., Phthalocyanines: Old Dyes, New Materials. 
Putting Color in Nanotechnology. Chem. Commun. 2007, 2000-2015. 
 
175. Honda, S.; Nogami, T.; Ohkita, H.; Benten, H.; Ito, S., Improvement of the Light-
Harvesting Efficiency in Polymer/Fullerene Bulk Heterojunction Solar Cells by Interfacial Dye 
Modification. ACS Appl. Mater. Interfaces 2009, 1, 804-810. 
 
176. Walker, B.; Tamayo, A. B.; Dang, X.-D.; Zalar, P.; Seo, J. H.; Garcia, A.; Tantiwiwat, M.; 
Nguyen, T.-Q., Nanoscale Phase Separation and High Photovoltaic Efficiency in Solution-
Processed, Small-Molecule Bulk Heterojunction Solar Cells. Adv. Funct. Mater. 2009, 19, 3063-
3069. 
 
177. Calogero, G.; Di Marco, G.; Cazzanti, S.; Caramori, S.; Argazzi, R.; Di Carlo, A.; 
Bignozzi, C. A., Efficient Dye-Sensitized Solar Cells Using Red Turnip and Purple Wild Sicilian 
Prickly Pear Fruits. Int. J. Mol. Sci. 2010, 11, 254-267. 
 
178. Bříza, T.; Kaplánek, R.; Havlík, M.; Dolenský, B.; Kejík, Z.; Martásek, P.; Král, V., 
Synthesis of Highly Functionalized Fluorinated Porphyrins. Supramolecular Chemistry 2008, 20, 
237-242. 
 
179. Chan, Y.-H.; Schuckman, A. E.; Pérez, L. M.; Vinodu, M.; Drain, C. M.; Batteas, J. D., 
Synthesis and Characterization of a Thiol-Tethered Tripyridyl Porphyrin on Au(111). J. Phys. 
Chem. C 2008, 112, 6110-6118. 
 
180. Jacobson, O.; Kiesewetter, D. O.; Chen, X., Fluorine-18 Radiochemistry, Labeling 
Strategies and Synthetic Routes. Bioconjugate Chem. 2015, 26, 1-18. 
 
181. Jacquemin, R., Study on the Decay of Iodine-123. Int. J. Radiat. Appl. Instrum., Part A 
1987, 38, 1087-1089. 
 
182. Rose, P. S.; Smith, J. P.; Aller, R. C.; Cochran, J. K.; Swanson, R. L.; Coffin, R. B., 
Medically-Derived I-131 as a Tool for Investigating the Fate of Wastewater Nitrogen in Aquatic 
Environments. Environ. Sci. Technol. 2015, 49, 10312-10319. 
 
183. Drain, C. M.; Smeureanu, G.; Patel, S.; Gong, X.; Garno, J.; Arijeloye, J., Porphyrin 
Nanoparticles as Supramolecular Systems. New J. Chem. 2006, 30, 1834-1843. 
 
184. Drain, C. M.; Nifiatis, F.; Vasenko, A.; Batteas, J. D., Porphyrin Tessellation by Design: 
Metal-Mediated Self-Assembly of Large Arrays and Tapes. Angew. Chem., Int. Ed. 1998, 37, 
2344-2347. 
 
 58 
185. Drain, C. M.; Lehn, J.-M., Self-Assembly of Square Multiporphyrin Arrays by Metal Ion 
Coordination. J. Chem. Soc., Chem. Commun. 1994, 2313-2315. 
 
186. Jurow, M. J.; Mayr, C.; Schmidt, T. D.; Lampe, T.; Djurovich, P. I.; Brutting, W.; 
Thompson, M. E., Understanding and Predicting the Orientation of Heteroleptic Phosphors in 
Organic Light-Emitting Materials. Nat. Mater. 2015, advance online publication. 
 
  
 59 
Chapter 2. Solvent-less Synthesis, Separation and Characterization of Zinc 
and Free-Base Tetraphenyl Porphyrin (An Organic Chemistry Laboratory 
Experiment)§ 
§ This chapter is adapted from publication in Comprehensive Organic Chemistry Experiments for the Laboratory 
Classroom1 
 
 
 
2.1. Background of the Experiment 
Porphyrins are deeply colored tetrapyrrolic macrocycles which can chelate almost any metal 
in the periodic table. The word porphyrin is derived from the Greek word, porphura meaning 
purple. Porphyrins have distinct UV-Visible absorption spectra in two general areas.  Porphyrins 
have a very intense absorption band centered near ca. 400nm called a “soret” peak, arising from a 
strongly allowed transition, as well as a series of less intense absorptions at longer wavelengths 
called “Q-bands”.  These spectra features provide information about the molecular geometry and 
energies of individual porphyrins.  These intense absorption bands and tunable electronic and 
optical properties make them important materials in modern technologies like solar cells and 
 
 
Scheme 2.1. Synthesis and purification of TPP and ZnTPP using solventless method.  
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photodynamic therapeutics, as well as many of the basic processes of life, like transporting oxygen 
in red blood cells.2-5 Pophyrins are also the structural core of chrolophyll A. Tetraarylporphyrins 
are relatively simple to synthesize from pyrroles and aldehydes containing the appropriate 
functional groups for the desired application. Various approaches exist to synthesize porphyrins, 
including solvent-free methods that are both simple and green.6,7  
In this experiment, we describe the synthesis of a porphyrin from the condensation of 
benzaldehyde and pyrrole.  The objective of this experiment is to use basic synthetic and 
purification techniques to synthesize a porphyrin, and to explore the applications of UV-Visible 
and NMR spectroscopy with this important class of compounds. TPP and ZnTPP are easily 
distinguished by thin-layer chromatography and separated by column chromatography.  Each 
compound elutes as a deeply colored band that is emissive under UV light.  Characterization of both 
products is performed by UV-vis spectroscopy and 1H NMR. 
The aim of this experiment is to synthesize both tetraphenylporphyrin (TPP) and zinc 
tetraphenylporphyrin (ZnTPP) via a solvent-free one-pot reaction so the students can separate the 
 
 
 
 
Scheme 2.2 General synthetic mechanism of tetraphenyl porphyrin. 
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two products using column chromatography.  Because no solvent is required for the synthesis 
benzaldehyde and zinc acetate can be added directly to the reaction vessel.  To avoid complete 
metalation of TPP, a small quantity of zinc acetate is used so that both products are formed. A ratio 
of approximately 1:16 (m/m) zinc acetate to pyrrole should be used.  Benzoic acid is added to 
minimize the oxidation of benzaldehyde, and can be substituted for a slight molar excess of 
benzaldehyde. 
The reaction vessel is first heated to 140 °C in a stirring oil bath or sand bath on a hot plate.  
The reaction will proceed to completion within 30 minutes at ca. 30-40% yield. The product 
formed will condense on the sides of the reaction vessel as a dark purple solid. Both ZnTPP and 
TPP will dissolve easily in a minimum volume of chloroform directly from the reaction vessel. No 
washing is necessary. The primary reaction products are the porphyrins and largely insoluble 
polypyrrole compounds which adhere to silica. 
Thin-layer-chromatography (TLC) can be used to confirm the formation of both TPP and 
ZnTPP.  Separation is visible between two purple bands, both emissive under a UV lamp, using 
hexanes:CH2Cl2 (2:1 v/v) as eluent.  Products can be separated with a short silica column in the 
same eluent. TPP has a larger Rf, and will elute first. TLC and column separation are critical tools 
in synthetic organic chemistry, and this experiment provides students with colorful examples of 
both techniques. Students will also be introduced to UV-visible spectroscopy as an analytical 
method for distinguishing between compounds of different symmetry. 
Experiment reproducibility was evaluated by repeated trials by 3rd and 4th year Chemistry B.A. 
students at Hunter College of The City University of New York. The reaction reliably reaches 
completion in less than 30 minutes, and can be conducted on a small scale (as little as 0.5 mmol 
pyrrole was tested).  
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2.2. Additional safety 
This experiment should be carried out in a fume hood with proper ventilation. Safety 
equipment such as goggles, gloves and protective clothing should be worn always. This reaction 
requires high temperatures (140 °C) in a closed vessel. Remember: hot glass looks like cold glass! 
Be sure to let bath and reaction vessel cool before handling. Use oven mitts when appropriate. All 
chemicals should be handled with extreme care. Pyrrole should be added drop-wise via a syringe. 
This reaction requires high temperatures in a sealed vessel. It is imperative that students be made 
aware of the dangers associated with oil baths and hot plates.  Septa should be checked by the 
instructor to ensure a good seal.  Make sure that the reaction is allowed to cool to room temperature 
before handling the glass reaction vessel or unsealing the stopper. 
 
2.3. Experimental Procedure 
Laboratory session 1 (3 hours): Synthesis, separation and characterization of TPP and ZnTPP 
 
2.3.1. Synthesis 
1. In a fume hood heat an oil bath or sand bath to 140 °C on a hot plate.  
 
2. To a 50 mL round-bottomed flask add 60 mg benzoic acid (0.5 mmol), 6 mg zinc acetate 
(0.03 mmol), and 100 μL of benzaldehyde (1 mmol). Seal the flask with a rubber septum and heat 
in oil bath. No stirring is required.  
 
3. Slowly inject 35 μL (0.5 mmol) of pyrrole, drop-wise, and let the mixture react until the 
solution is deeply colored (30-40 minutes).   
4. Remove the flask from the oil bath and cool to room temperature. 
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2.3.2. Separation 
1. After cooling, open the septum and dissolve the product in a minimum volume of 
chloroform, making sure to wash the sides of the flask. 
2. Pack a short (10 cm x 0.5 cm) column using 20 g silica gel slurry in petroleum ether. Load 
the product dissolved in chloroform directly onto the column and elute with a 4:2 (v/v) 
hexane:CH2Cl2 mixture. 
3. Collect the two pink bands in separate Erlenmeyer flasks.  
4. Transfer the liquid containing each compound to separate, pre-weighed vials and evaporate 
to dryness.  Weigh the dry vials to calculate the yields of each compound. 
 
2.3.3. Characterization of TPP and ZnTPP  
1. Dissolve 10-15 mg of each product, ZnTPP and TPP separately, in 0.75-1 mL deuterated 
chloroform and pipette into an NMR tube, saving the pipettes and the residue remaining in the 
product vial.  Collect 1H NMR spectra from 12 to -4 ppm. Label and integrate the peaks.  
2. To the few remaining drops of the solution in the vial, add CH2Cl2 until solutions are a 
pale pink color (1-2 mL). 
3. Take the blank UV-visible spectrum with a glass cuvette full of CH2Cl2. 
4. Add a few drops of the porphyrin solutions to the cuvette, mix, and record the absorption 
spectra from 370 nm to 700 nm. Adjust the concentration of the solution until the largest peak 
has an absorbance value between 1 and 2.5.  Repeat for both porphyrins. 
 
UV-visible absorption spectra distinguish the free-base and metallo-porphyrins. 
Traditionally, the intense absorption of the porphyrin at ca. 420 nm is called the Soret band, 
and the less intense absorptions observed between 450 nm and 700 nm are called the Q 
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bands.  The free base porphyrin has D2h symmetry because of the protonated pyrroles on 
the interior of the macrocycle, and displays four distinct Q bands.  The ZnTPP molecule is 
of D4h symmetry, which induces a degeneracy between the previously distinct molecular 
orbitals causing the four Q bands to become only two. These changes are also observed in 
the 1H NMR. In the free-base porphyrin, a ring current induced by the cyclized pyrroles 
shifts the peak corresponding to the interior N-H protons up field into the negative region 
of the spectra. This peak is not observed after metalation.  
 
2.3.4. Product Yield 
4 molar equivalents of pyrrole are required to synthesize a single equivalent of either TPP or 
ZnTPP.  If the reaction is performed with 0.5 mmol pyrrole, the theoretical yield of total porphyrin 
should be 0.125 mmol. The reaction yielded 14 mg of TPP (0.023 mmol) and 16 mg of ZnTPP 
 
 
 
 
 
 
Scheme 2.3 The characteristic UV-visible spectrum is ascribed to the x,y polarized 4-orbital 
transitions a1u  () → eg (*)  and a2u () → eg (*)  which accidently assume nearly 
degenerate energies in D4h symmetry. 
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(0.024 mmol), a total of 0.047 mmol porphyrin (38%). The following general formula can be used 
to calculate the experimental yield: 
 
(𝑀𝑜𝑙𝑒𝑠𝑇𝑃𝑃 + 𝑀𝑜𝑙𝑒𝑠𝑍𝑛𝑇𝑃𝑃)
0.25 𝑀𝑜𝑙𝑒𝑠𝑝𝑦𝑟𝑟𝑜𝑙𝑒
× 100% 
 
2.3.5. Handling of the Effluents   
The waste solutions from the column chromatography should be discarded in the appropriate 
halogenated organic waste container. The silica gel from the column should be allowed to dry and 
discarded in a labeled solid waste container. 
 
2.4. Results, Interpretation and Additional Questions for Students 
1. Discuss and explain the similarities and differences in the UV-Vis spectra.  How did the 
spectrum change after addition of the metal? How did metalation affect the molecular 
symmetry? 
2. Discuss and explain the similarities and differences in the 1H NMR spectra.  What peaks 
shifted or changed?  What does this tell us about the structure of the molecules? 
3. Why to the molecules separate on silica? Which compound elutes first and why? 
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Chapter 3. Experimental Determination of Activation Energy of 
Nucleophilic Aromatic Substitution on Porphyrins (An Organic Chemistry 
Laboratory Experiment)§ 
§ This chapter is adapted from publication in Journal of Chemical Education1 
 
3.1. Introduction 
Synthetic chemistry underpins modern society since this discipline supplies many valuable 
resources that enable production of the fertilizers, pesticides, insecticides and medicines needed to 
feed and protect the growing world population, as well as produce the numerous customized 
materials for the advancement of technologies.2-3 One simple way to functionalize an organic 
molecule is via nucleophilic aromatic substitution (NAS) where a nucleophile displaces a good 
leaving group, such as Br or NO2, on an aromatic ring without yielding many toxic byproducts. 
This facile and green method is employed in the pharmaceutical and medicinal industry. NAS 
reactions4 are key steps is the synthesis of therapeutics such as the antidepressant fluoxetine (trade 
name Prozac), the antibiotic ofloxacin,5 and arenes with 18F for use in positron-emission 
tomography (PET) imaging.6 NAS is used in nature for the enzymatic degradation of nitroarenes.7 
Cyanuric chloride undergoes NAS reactions to make triazine herbicides such as atrazines, reactive 
dyes for clothing, and melamine-based polymers, which are used in whiteboards.8 Thus chemicals 
derived from NAS reactions have global impacts on health, agriculture, materials, and the 
environment. 
One industrial concern is mass producing a cost-effective product. Understanding the energy 
required to run a chemical reaction (activation energy) is key to developing the optimum reaction 
conditions. While higher temperatures result in faster reactions, it is not always cost effective to 
heat beyond the required temperature. The Arrhenius equation can be used to calculate activation 
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energy (Ea) of a reaction, which allows optimization of commercial chemical transformations. 
Many students in organic chemistry exhibit a gap in understanding the relationships between rates, 
the Arrhenius equation, and Ea. In this experiment we determine the Ea values of different NAS 
reactions using three different nucleophiles on a porphyrin dye. Other undergraduate NAS 
reactions are described that focus on the number, position, and nature of the electron-withdrawing 
groups, using varying experimental conditions and assays.9-19 There are none that both compare 
the Ea of different nucleophiles, which gives insights into the mechanism, or use thin layer 
chromatography (TLC) as the analytical method. This lab experiment provides a basis to teach 
other concepts, such as nucleophile hardness and multi-step reactions. The use of a porphyrin dye 
allows visualization of the products under ambient light, and cell-phone pictures of the TLC plates 
allow quantification of the products using a free software (ImageJ) from the National Institutes of 
Health (NIH). 
Porphyrins are deeply colored tetrapyrrolic macrocycles that can chelate almost any metal ion 
in the periodic table. In addition to the naturally occurring porphyrins such as chlorophylls in 
photosynthesis and heme in blood, synthetic derivatives have applications in medicine, dyes, and 
solar cells amongst others. NAS on synthetic porphyrins is a simple and efficient means to 
synthesize a plethora of easily identifiable and stable products for these diverse applications 
(Scheme 3.1).20 
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In this laboratory experiment, three stock solutions of 5,10,15,20-tetrakis(2,3,4,5,6-
pentafluorophenyl)porphyrin (TPPF20), a primary straight-chain alkane nucleophile, and K2CO3 
are prepared. After placing appropriate amounts of each solution into three reaction vessels, 
students heat these solutions for one to two hours at three different temperatures, and collect small 
aliquots over set time intervals. After two hours the aliquots are spotted on a silica-TLC plate and 
eluted until distinct spots are separated. Students use cell-phones to take photos of the TLC plates, 
and import the images into ImageJ. Using the software, relative concentrations of each product are 
determined and plotted against time to determine the rate at each temperature. These data were 
used to determine the activation energy for the substitution of each nucleophile. An alternative 
analysis of TLC plate images based on color vectors of pixels was reported.21 
Different nucleophiles and temperatures were split evenly between the 10 students in each lab 
class who successfully completed the experiment. The experiment was conducted in four separate 
organic chemistry II lab classes, and one upper-division physical chemistry lab class. Results and 
TLC images were shared for individual analysis of data. Each student was responsible for 
 
 
Scheme 3.1. Nucleophilic aromatic substitution reactions on a 
tetra(pentafluorophenyl)porphyrin. 
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analyzing class data using ImageJ and developing Arrhenius plots to calculate activation energies 
of NAS. 
 
3.2. Introductory Lecture 
The introduction of NAS serves as the foundation of the lecture. Concepts of substitution 
chemistry, nucleophile hardness, activation energy, and the Arrhenius equation serve as the 
foundation for chemical knowledge.10, 12, 14, 22-23 An overview of ImageJ and linearizing 
concentration vs. time plots of second-order reactions creates a path by which students fully 
understand the rate of reaction and how to analyze it. 
 
3.2.1. NAS Substitution Chemistry 
In this experiment, NAS reaction occurs preferentially at the 4'-position (para) on the 
pentafluorophenyl group of TPPF20 because it is thermodynamically and sterically favored and the 
2'- and 6'-positions (ortho) are kinetically disfavored due to steric interactions with the porphyrin 
ring.20 In addition to the electron withdrawing properties of the fluorine on the aryl group, the 
carbanion transition state can be delocalized into the porphyrin ring.24 Because there are four 
pentafluorophenyl groups, four equivalents of the nucleophile will result in sequential substitution 
of the four para positions to give the tetra-substituted product.  Large excesses of the nucleophile 
and higher temperatures can result in further substitutions of either the ortho- or meta-fluoro 
groups. Because the pentafluorophenyl groups are orthogonal to the chromophore and very weakly 
coupled to each other, they react independently of one another thus the activation energies are the 
same. This is demonstrated by the statistical distribution of five possible products.25 
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The activation energy for substitution depends heavily on the nature of the nucleophile. Most 
undergraduate experiments currently used in labs concentrate on the number, position, and nature 
of the electron-withdrawing groups as factors in the mechanism of NAS reactions.17-19 Herein, 
through a combination of varying experimental conditions and visual techniques, students estimate 
relative activation energies for three different primary nucleophiles: butanethiol, butylamine, and 
butanol. A sample reaction mechanism is shown in Scheme 3.2. 
  
 
 
Scheme 3.2. NAS mechanism on TPPF20 
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3.3. Experimental Background 
Porphyrins are deeply colored tetrapyrrolic macrocycles which can chelate almost any metal 
in the periodic table. The word porphyrin is derived from the Greek word, porphura meaning 
purple. Porphyrins are the key cofactors in many basic life processes such as in the iron heme in 
oxygen transport proteins hemoglobin and myoglobin and the oxidative liver enzymes 
cytochromes P450, and the light harvesting chlorophylls in photosynthesis(Figure 3.1).26 Their 
intense absorption bands and tunable electronic and optical properties make them important 
materials in modern technologies like solar cells27 and photodynamic therapeutics.20 Meso-
tetraarylporphyrins are the most prevalent derivative in materials and in therapeutics because they 
are readily synthesized from four equivalents of pyrrole and four equivalents of aryl aldehydes 
bearing appropriate functional groups for the desired application. Various approaches exist to 
synthesize porphyrins, including solvent-free methods that are both simple and green.28 
5,10,15,20-tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin (TPPF20) can serve as a core platform 
 
(a) Iron heme    (b) chlorophyll 
 
 
Figure 3.1. Two porphyrin cofactors. (a) iron heme is found in hemoglobin, myoglobin, and 
cytochromes P450, and (b) chlorophyll is found in the photosynthetic apparatus in green plants. 
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for functionalization using simple nucleophilic aromatic substitution (NAS).20 NAS is a 
substitution reaction in organic chemistry in which the nucleophile displaces a good leaving group, 
such as Br or NO2, on an aromatic ring. While a single aromatic fluorine is not reactive, the electron 
withdrawing effect from the additional fluorines in the perfluoro phenyl group make it uniquely 
reactive. These simple, high yield reactions in which the para fluorine is substituted with a 
nucleophile, can be exploited to add complex or reactive moieties such as sugars and peptides for 
biotargeting or alkanes to make liquid crystals for display technologies such organic light emitting 
devices (OLED). The NAS reaction is a means to rapidly assess the relationship between porphyrin 
structure and its intended function without de novo design of the dye. 
NAS reactions are employed across the chemical enterprise (Figure 3.2). Nucleophilic 
aromatic substitution (NAS) reactions4 are key steps is the synthesis of therapeutics such as the 
antidepressant fluoxetine (trade name Prozac),29 the antibiotic ofloxacin,5and arenes with 18F for 
use in positron-emission tomography (PET) imaging.6 NAS is used in nature for the enzymatic 
 
 
 
Figure 3.2. Examples of products made using NAS reactions and cyanuric chloride precursor. 
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degradation of nitroarenes.7 Cyanuric chloride undergoes NAS reactions to make triazine 
herbicides such as atrazines, reactive dyes for clothing, and melamine based polymers, e.g. used 
in whiteboards.8 Thus chemicals derived from NAS reactions have global impacts on health, 
agriculture, materials, and the environment.  
The substitution of the chlorine group on chlorobenzene by concentrated hydroxide to produce 
phenol (the Dow process) requires temperatures over 350 oC and high pressures. The substitution 
in the Dow process goes by an elimination–addition mechanism through a benzyne intermediate. 
The first step is the elimination of a hydrogen and halogen from adjacent carbons forming a 
reactive benzyne intermediate, and the second step is the addition of the nucleophile and 
protonation form the substitution product. However, the addition of electron-withdrawing groups, 
especially at the ortho and para positions, substantially decreases the energy needed to accomplish 
the substitution reaction. In the addition-elimination mechanism, the electron-withdrawing groups 
 
 
 
 
Figure 3.3. (a) elimination-addition mechanism in the formation of phenol from 
chlorobanzene, (b) addition-elimination mechanism when an electron withdrawing group is 
present. 
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stabilize the carbanion intermediate (Figure 3.3) and lower the energy of the transition state (the 
Hammond postulate). The reactivity of the aryl halide increases with increasing electronegativity 
of the halogen wherein the electronegative halogen stabilizes the carbanion intermediate by 
inductive effects. Thus, Ar-F are much more reactive than other aryl halides. In addition to the 
electron withdrawing groups on the aromatic ring, a second major consideration is the nature of 
the nucleophile, where softer, more polarizable nucleophiles such as sulfur, are more reactive than 
harder, less polarizable nucleophiles such as oxygen. Kinetic factors are important as well in that 
primary nucleophiles react much faster than secondary nucleophiles which are much more reactive 
than tertiary nucleophiles.  
In this experiment, students will use an NAS reaction to quantitatively determine the activation 
energy of three different nucleophilic substitutions on a porphyrin moiety. NAS reactions on the 
pentafluorophenyl group of TPPF20 occurs preferentially at the 4'-position (para) because it is 
thermodynamically favored and the 2'- and 6'-position (ortho) positions are kinetically disfavored 
because of the steric interactions with the porphyrin ring. In addition to the electron withdrawing 
properties of the F on the aryl group, the carbanion can be delocalized into the porphyrin ring. 
Because there are four pentafluorophenyl groups, four equivalents of the nucleophile will result in 
sequential substitution of the four para positions to yield the tetra-substituted product.  Large 
excesses of the nucleophile and greater temperatures can eventually result in further substitutions 
of either the ortho or meta F groups. The activation energy depends heavily on the nucleophile in 
question. While most experiments concentrate on the number, position, and nature of the electron-
withdrawing groups,10, 12, 15-16 through a combination of varying experiment conditions and visual 
techniques, you will estimate relative activation energies for three different primary nucleophiles. 
Working in pairs, each group will be assigned a S- N- or O- nucleophile and will determine the 
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rates of the reactions at three temperatures. The data for each nucleophile will be combined at the 
end of the experiment.  
Determining k from the integrated rate equation can be reviewed in any introductory chemistry 
resource or the Journal of Chemical Education.22, 30-31 For a second-order reaction where A+B
C, the integrated rate law is:  
[A] = [A]0/1 + kt[A]0 or 1/[A] = kt + 1/[Ao] 
To estimate the activation energy of the rate-limiting step, the rate of the reaction is plotted as 
a function of temperature and fit to the Arrhenius equation.32 
 
From the Arrhenius equation, a plot of ln(k) vs. 1/T will have a slope equal to -Ea/R. R should 
match the units of activation energy, R= 8.314 J/(K mol). In lab you will record the reaction rate 
at three different temperatures to determine the activation energy of the rate-determining step for 
the NAS reaction. 
 
 
 
 
Figure 3.4. The para F on 5,10,15,20-tetrakis(2,3,4,5,6-pentafluorophenyl)porphyrin (TPPF20) 
chromophore reacts readily with nucleophiles. The highly colored porphyrins allow qualitative 
determination of reaction kinetics and yield by simple thin layer chromatography. More 
quantitative determinations can be made by use of freely available image analysis software such 
as “Image J”.  
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3.4. Experimental Procedure 
Groups of three students are assigned one nucleophile. Each student in the group is responsible for 
setting up a reaction. There will be three nucleophiles tested at three different temperatures.  
Setting the apparatus and equilibrating to the proper temperature takes time, so you should set this 
up before preparing the solutions. For every reaction, make sure to use a thermometer to accurately 
record the temperature including the one at room temperature. 
 
3.4.1.  Preparing the Porphyrin Solution 
In a 10 mL round-bottom flask, dissolve 10 mg of TPPF20 in 5 mL of N-methyl-2-pyrrolidone 
(NMP) to create a 2.05 mM solution. Add ten molar equivalents of K2CO3 and add six molar 
equivalents of the assigned nucleophile (butanethiol, butylamine, or butanol). Put a magnetic stir 
bar in the flask and close with a rubber septum. Place on ice to prevent any reaction. Prepare three 
of the flasks as described below depending on what nucleophile is assigned. 
 
3.4.2. Butanethiol Substitution  
For thiol reactions, a nitrogen 
atmosphere must be used to prevent 
oxidation of the thiol to the disulfide. To 
prepare the nitrogen-filled balloon, double 
the balloon by placing one balloon over a 
stirring rod and use the rod to push the first 
balloon into a second one. Afterwards, the 
mouth of the balloon should be placed over 
 
 
Figure 3.5. The apparatus to run reaction under N2. 
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rubber or tygon tubing. In the other end of the tubing, place a syringe and fill with N2 and then 
affix the needle. The finished N2 set-up should resemble Figure 3.5. Run the reaction at three 
temperatures: room temperature (25 °C), 40, and 60 °C. To run the reaction at room temperature, 
place the round bottom flask with the reaction mixture on a magnetic stirrer and make sure the 
reaction is stirred. The other temperatures will be run in a sand bath or an oil bath on a normal 
stirring hot plate. 
 
3.4.3. Butylamine Substitution 
You will run the reaction at three temperatures: 40, 60, and 85 °C using an oil or sand bath 
on a hot plate with a magnetic stirrer. 
 
3.4.4. Butanol Substitution 
You will run the reaction at three temperatures: 60, 85, and 120 °C using an oil or sand bath 
on a hot plate with a magnetic stirrer. 
 
3.5. Data Collection 
Before starting the reaction, extract 0.1 mL of the mixture by inserting a needle through the 
rubber septum and transfer to 1 mL vial on ice.  Immediately spot it on a TLC plate. Make sure to 
use a clean needle for each collection, or you risk cross contamination of samples.  After beginning 
the reaction, collect 0.1 mL samples every 15 min. for two hours. Label and place each vial on ice. 
Make sure your TLC plate has enough room to evenly space 6-13 spots. After two hours, when 
you have spotted all the samples from each time, allow the spotting solvent to dry under air and 
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elute the TLC plate in a freshly prepared solvent system of 75:25 petroleum ether:dichloromethane 
and one drop of methanol. The color of the porphyrin allows visualization under room light and is 
fluorescent so can be visualized by 365 nm UV lamp in a light box. You should produce a TLC 
similar to the one pictured on the right.  Use your cellphone or tablet camera to take photos of all 
the TLC plates you produce under both room light and UV light. Make sure to label the image file 
with the corresponding nucleophile and temperature. You will use these images to later calculate 
the concentration of products either visually or using computer software. 
 
3.6. Analysis and Report 
Because porphyrins are colored, you can qualitatively estimate the yields by visual inspection 
of the TLC by looking at the relative sizes and intensities of the product spots. You can also use 
 
 
Figure 3.6. Images of TLC plates after separation of spots in room light (left) and under 
365 nm UV lamp (right) 
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free image analysis software (ImageJ) provided by the National Institutes of Health (see detailed 
instructions below). In the pre-lab, you determined the number of possible products when there 
are two possible para substituents. How many spots do you expect? In your TLCs, which spots 
correspond to the different possible products and why did you make this assignment? From the 
relative sizes of the unreacted starting material to the first substitution product and the tetra-
substitution product, estimate the yields. Plot the rate of the reaction versus temperature and use 
the Arrhenius equation to estimate the activation energy. Combine your data with groups running 
the same experiments. 
   
3.7. ImageJ Analysis 
To determine the activation energy, you will use image-based analysis by ImageJ 
(https://imagej.nih.gov/ij/). The program is free of cost.  
 
First, download the program on the download tab. Unzip the installed file, open the folder 
entitled “ImageJ,” and select “ImageJ.” Click “File,” then “Open,” and select the image of your 
first TLC. 
On the menu on top, select “Analyze,” then “Gels,” then “Gel Analyzer Options…,” and Check 
“Invert Peaks” if unchecked. 
Depending on the level of noise, you may need to remove the background (especially if viewed 
under a UV lamp). To do this, select “Process,” then “Subtract background.” Make sure “light 
background” is checked if imaged under white light, and unchecked if imaged under UV. Check 
“Separate colors” and “preview.” Increase the value of “Rolling ball radius” until the intensity of 
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the spots is maximized while the background is still removed. Below is an original TLC under UV 
(left) and an image with the background subtracted (right). 
 
Select the  tool and draw a box over the first lane, as shown, by clicking and dragging 
from the top left of the lane to the bottom right to capture the top five or six spots on the TLC: 
 
Press Ctrl+1(or Cmd+1 on Mac) 
to select this as the first lane, as 
shown on the right. 
 
 
 
 82 
 
Now, click and drag the “1” to the next 
lane. Then press Ctrl+2(or Cmd+2 on 
Mac) to select this as the next lane. 
Make sure each box only contains 
spots from a single reaction time. 
Continue doing this for each lane. 
 
Now, press Ctrl+3. What is shown is an intensity graph. The x-axis begins with the top of the 
lane-selection on the left side, and continues to the bottom of the selection on the right side. The 
y-axis is the intensity, which is an integrated value based on the RGB vector. In essence, a greater 
integrated value indicates more product. Select the  tool, and isolate peaks by clicking and 
dragging from the bottom of a peak to the bottom of the graph, as shown to distinguish each spot. 
 
After, use the  tool. While holding shift, click on every isolated peak. There should be one 
for each peak. After letting go, a window like the one below should be produced:  
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Import these values into Microsoft Excel or any other spreadsheet, and label each peak based 
on the identity of the product. 
Add all the values for the areas and divide each spot area by the sum to determine the relative 
proportion of each product. Then, multiply these proportions by the starting concentration to 
determine the concentration of product within the solution at that particular time. Plotting these 
values should yield a graph similar to Figure 3.7. 
Use the concentration values for the selected product and plot a graph of 1/(concentration(M)) 
vs. time(s) (Figure 3.8). You should have three lines, one for each temperature. Calculate the 
natural logs of the slopes of these lines. This will give you the rate constants, k. Plot the natural 
log of k vs. 1/Temperature in Kelvin (Figure 3.9). The slope of this line will be –Ea/R. Multiply 
by –R (8.314 J/mol*K) to determine the activation energy of substitution for that nucleophile. 
If your TLC does not resolve into distinct spots for substituted products, you can use the 
starting material (TPPF20) concentration over time to calculate the concentration of products 
formed. Since TPPF20 is used up as the reaction proceeds, the spot size decreases over time. It is 
valid to take the absolute value of the slope since the decrease in TPPF20 concentration is equal to 
the increase in the substituted product concentration. 
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Figure 3.8. Plot of 1/Concentration (1/M) vs. Time (s) for butylamine substitution. 
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3.8. Hazards 
All chemicals should be treated as potentially hazardous. Exposure through skin or nasal 
inhalation should be avoided. Thiols and other sulfur compounds are extremely smelly and should 
always be opened in a fume hood. Products of the reaction with substituted sulfur are not as smelly 
and can be used outside the hood. Dichloromethane and petroleum ether are hazardous to human 
health. Petroleum ether is flammable and is hazardous to the environment. TPPF20 and its 
derivatives may cause skin and eye irritation, as well as acute toxicity if inhaled or ingested. Eye 
protection, gloves, and protective clothing should be worn at all times in a lab environment. 
Methanol is toxic and may lead to damaging the kidneys, liver or eyes. Exercise caution if using a 
UV lamp. All flammables and solvents should be handled with extra care. 
 
Figure 3.9. Plot of Ln(k) (1/(M*s)) vs. 1/Temperature (1/K) for butylamine substitution. 
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3.9. Results and Discussion 
Six possible products are observable on the TLC plate including the starting material. The 
color, intensity, and area of the spots are directly proportional to the relative concentration of that 
product in the reaction mixture. From top to bottom, these spots are:  
1) TPPF20 starting material 
2) monosubstituted product 
3) trans-di-substituted product 
4) cis-di-substituted products 
5) tri-substituted product 
6) tetra-substituted product 
 
The starting material is run in the first (left) column of the TLC plate. This is regarded as zero 
minutes. Samples of the reaction mixture collected every 15 min for 120 min are then spotted with 
a capillary tube on the TLC plate as shown in Figure 3.1. At higher temperatures, it is possible for 
more spots to appear on the TLC plate, which are a result of substitution of the ortho or meta F 
and because of rotational isomers. These products can produce streaking seen at the bottom of the 
TLC plates. These spots may be visualized by eye, but use of a UV lamp enhances visibility and 
produces images with more distinct peaks in ImageJ. After quantification of the products using 
imageJ, activation energies are calculated for each nucleophile. Given the potential errors in using 
imageJ analysis of the TLC plates to measure concentrations, there is a large standard deviation in 
the activation energies calculated. From the results of 48 student experiments, the activation energy 
of butanethiol was found to be 8 ± 5 kJ/mol, butylamine was 57 ± 14 kJ/mol and butanol was 149 
kJ/mol ± 16 kJ/mol. The relative activation energies are expected to be in the order of polarizability 
of the nucleophile:  butanethiol < butylamine < butanol. All of the graphs and calculations can be 
found in the supporting information. All students were able to calculate activation energies from 
their data. Depending both on the nucleophile and TLC skills, 30% of the students were not able 
to observe all six spots of the reaction. To determine the rate vs. temperature, only one spot on the 
 87 
TLC plate needs to be clearly resolved. Since the exact proportions of the other products are not 
necessary, the rest of the spots can simply be represented by the sum of intensities. 
TPPF20 is a commercially available molecule costing around $50/g and only about 50 mg is 
needed for a laboratory experiment of 10 students. This experiment allowed discussion of 
topological isomers of products. For simpler experiments, where only one substitution is observed 
on the pentafluorophenyl ring, 5-(pentafluorophenyl)-10,15,20-tris(phenyl)porphyrin33-34 can be 
used. Although a dye such as 4-fluoro-3-nitroaniline can be used and is extremely cheap, it cannot 
be readily visualized because of weak absorption and fluorescence. 
Students rated the experiment highly in terms of interest and knowledge gained in NAS 
chemistry and using the Arrhenius equation to correlate temperature with rate constant (see 
appendix B). Before the experiment there was a low level of understanding of the principles 
underlying Arrhenius equation. Only 20% of students answered Arrhenius equation questions 
correctly in pre-lab assignments while 90% answered NAS and mechanism questions correctly. 
However, >90% of students demonstrated a better understanding of the relationship between 
activation energy, rate, and temperature in post-lab assignments and a laboratory recitation exam. 
Results showed that combining NAS and Ea in one lab experiment allowed students to make a 
clear connection between the two concepts and allowed more efficient method of teaching. More 
than 70% of the students received scores over 90% in their lab assignments, while the remaining 
30% of the students showed scores between 70% and 90%. According to student surveys, the 
experiment was interesting, a useful hands-on experience, and they felt more independent 
compared to other organic chemistry experiments. Significant independent exploration by students 
is possible, e.g. substitutions of the meta positions and rotational isomers. Depending on the size 
of the class and the time allotted to the experiment, students may divide into several groups and 
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produce more data. The students can readily synthesize TPPF20 from pentafluorobenzaldehyde and 
pyrrole in refluxing propionic acid in a prior laboratory.35-36 
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Chapter 4. Distorted Phthalocyanines via Click-Chemistry: Synthesis, 
Photoacoustic, Photothermal, and Cell Studies 
 
 
4.1. Introduction 
The demand for advances in targeted contrast agents and therapeutics, such as for cancer, has 
motivated significant research effort to develop dyes for these applications. While fluorescent dyes 
are used for imaging and photodynamic therapies rely on the triplet excited state of photosensitizer 
(PS) dyes to catalytically form singlet oxygen, photothermal therapy (PTT)1 and photoacoustic 
imaging (PAI)2 rely on dyes that shed excited state energy as heat under continuous or pulsed 
irradiation, respectively. These photo-initiated strategies are in the forefront of biomedical research 
and materials science due to the unique advantages over conventional radiation therapy methods. 
The PAI and PTT strategies are noninvasive, selectivity comes from both dye accumulation at the 
target and light irradiation, and the dyes have low systemic toxicity.2-5 PTT is currently used in 
clinics to treat primary and/or metastatic lung tumors.6 PTT is a hyperthermia treatment that causes 
cell and tissue damage by the conversion of energy absorbed from photons to heat by the PTT 
agent.7-8 PAI is a rapid and non-invasive imaging modality that combines optical and ultrasound 
imaging wherein photoacoustic (PA) signals are optically generated and ultrasonically detected. 
Thus, it can take advantage of the optical window of tissue and provides the deep probing depth 
(multiple cm) and spatial resolution (sub-mm) of ultrasound. PAI is the consequence of the 
absorption of a light pulse by a chromophore causing it to enter an excited state. Effective PAI 
chromophores relax rapidly primarily along non-radiative pathways, causing a transient rise in 
temperature around the immediate vicinity of the absorbing dye, leading to a localized thermal 
elastic expansion.2 Thus, if the light source is a pulsed laser, light absorption generates a wideband 
ultrasonic wave that can be acquired with standard ultrasonic transducers used in traditional 
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ultrasound imaging. Furthermore, using wavelengths within the optical window of tissue dyes 
many centimeters deep within tissue can be probed (650–1100 nm; the wavelength of maximum 
penetration of breast tissue is about 725 nm; whole blood has an absorption minimum near 710 
nm),9-10  
Porphyrinoid based PS have been employed as therapeutic, diagnostic, and theranostic  agents 
in medicine for various types of cancers and other diseases using photo induced toxicity, 
fluorescence or phosphorescence, and combinations of each.11-13 Phthalocyanines (Pc) are large 
aromatic porphyrinoids that are stable under a wide range of environmental conditions and have 
absorption in the visible and near infra-red (NIR) range of the electromagnetic spectrum (400 nm 
to 1000 nm).11-12 Simple tetrasulfate derivatives of Al(III)Pc are used in the clinic or are in clinical 
trials for photodynamic therapy.13   While the synthesis of simple Pc can proceed in high yields, 
the purification of most derivatives is cumbersome and inefficient because of solubility and the 
number of isomers increases rapidly with the number of substituents. The synthesis of less 
symmetric Pc or derivatives with more complex substituents can decrease yields and increase 
problems in purification. Thus, we proposed using the commercially available 
zinc(II)hexadecafluorophthalocyanine (ZnF16Pc) as a platform to construct complex Pc derivatives 
using efficient nucleophilic aromatic substitution reactions to replace the F with a variety of 
nucleophiles.11   
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In a pursuit to develop a lipophilic or amphipathic Pc derivative we have substituted a 
commodity surfactant, isodecyloxypropyl-1,3-diaminopropane (tomamine®) onto ZnPcF16 via a 
simple one-step procedure (Scheme1). Varying the equivalents of tomamine and the reaction time 
enables the formation and isolation of mono-, di-, tri- and tetra-substituted products with lowest 
energy Q band λmax in the UV-visible at ca. 748 nm, 765 nm, 786 nm and 805 nm, respectively. 
There is a strong solvent dependency in the electronic spectra observed for all four compounds 
(Appendix C). While the α positions on ZnPcF16 are thermodynamically favored, they are less 
reactive than the β positions due to the kinetic effects of steric hinderance. Since primary 
 
 
 
 
 
 
Scheme 4.1. Reactions are all run in DMF under N2:  ZnPc(tomamine)4 5.2 equivalents 
tomamine, 5.3 equivalents K2CO3 stir 48 h at 135 
oC; ZnPc(tomamine)3 3.2 equivalents 
tomamine, 3.3 equivalents K2CO3, stir 24 h at 120 
oC; ZnPc(tomamine)2 2.2 equivalents 
tomamine, stir 16 h at 120 oC; ZnPc(tomamine)1 1.2 equivalents tomamine, stir 12 h at 110 
oC.   
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nucleophiles are much more reactive, the initial substitution is the terminal amine on one of the β 
positions, and since the secondary amine is too sterically hindered to react at the α position, it 
reacts at the neighboring β position. Combined, the tomamine adducts are appended only to the β 
positions, which is clearly verified by the 19F NMR (Appendix C). 
 
4.2. Experimental 
1H and 13C solution NMR spectra were recorded using Bruker 500 MHz (spectrometer 
operating at 500 MHz for 1H; 500 MHz, for 13C), and 19F solution NMR spectra was recorded 
using Bruker 400 MHz. CDCl3 was used as solvent and TMS as internal reference; the chemical 
shifts are expressed in (ppm) and the coupling constants (J) in Hertz (Hz). High Resolution 
Electrospray Ionization Mass Spectra (HRESIMS) were obtained using an Agilent 6520 Q-TOF 
instrument. The UV-vis absorbance spectra in various solvents were recorded using PerkinElmer 
Lambda 35 UV/VIS Spectrometer. PerkinElmer Peltier Temperature Programmer PTP 1 was used 
to obtain temperature dependent UV-vis absorbance spectra. Dynamic light scattering (DLS) 
studies to find particle size were performed on Malvern Zetasizer nano series instrument. Reagent 
grade chemicals and solvents were purchased from Sigma-Aldrich Inc., Fisher Scientific Inc. or 
Air Chemicals. Reactions were monitored by TLC with Analtech Uniplate silica gel G/UV 254 
precoated plates (0.2 mm). 
 
4.2.1. Synthesis of ZnPc(tomamine)1 
Zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine 
(ZnF16Pc) (100 mg, 0.115 mmol) dissolved in dimethylforamide (DMF) (10 mL) was reacted with 
1.2 equivalents of N1-(3-((8-methylnonyl)oxy)propyl)propane-1,3-diamine (37.7 mg, 0.139 
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mmol) at 110 oC, under a N2 atmosphere for 12 hours. The reaction mixture was cooled and 20 
mL of ethyl acetate (EtOAc) was added and washed with brine (3x). The organic layer was dried 
using sodium sulfate to remove trace amount of water. EtOAc was removed through a rotator 
evaporator and the crude product was purified by flash chromatography (silica gel) using 1 % 
methanol in CH2Cl2 as eluent to afford 32 % pure ZnPc(tomamine)1 (40 mg, 0.0368 mmol) as a 
dark blue solid. 1H NMR (500 MHz, CDCl3) δ 5.03 (bs), 3.97 (t, J=2.25 Hz, 2H), 3.74 (t, J=1.60 
Hz, 2H), 3.38 (t, J=7.70 Hz, 4H), 3.03 (t, J=6.90 Hz, 2H), 1.41-1.67 (m, 9H), 0.99-1.36 (m, 8H), 
0.88 (d, J=5.05 Hz, 6H); 13C NMR (500 MHz, CDCl3) δ; 148.55, 147.64, 141.49, 139.15, 136.07, 
131.15, 130.59, 126.50, 123.03, 121.85, 120.27, 117.55, 114.15, 113.07, 71.26, 69.99, 65.78, 
53.46, 52.38, 51.07, 40.12, 32.22, 31.60, 30.32, 28.44, 27.68, 24.52, 24.16, 22.62; 19F NMR (400 
MHz, CDCl3): δ -158.96 (s, 6F, αF), -170.10 (d, 8F, βF). HRMS (ESI) m/z calcd for 
C48H34F14N10OZn ([M+H]
+), 1097.2058, found 1097.2058. 
 
4.2.2. Synthesis of ZnPc(tomamine)2. 
Zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine 
(ZnF16Pc) (100 mg, 0.115 mmol) dissolved in dimethylforamide (DMF) (10 mL) was reacted with 
2.2 equivalents of N1-(3-((8-methylnonyl)oxy)propyl)propane-1,3-diamine (69.1 mg, 0.255 
mmol) at 120 oC, under a N2 atmosphere for 16 hours. The reaction mixture was cooled and 20 
mL of ethyl acetate (EtOAc) was added and washed with brine (3x). The organic layer was dried 
using sodium sulfate to remove trace amount of water. EtOAc was removed through a rotator 
evaporator and the crude product was purified by flash chromatography (silica gel) using 1.5 % 
methanol in CH2Cl2 as eluent to afford 28 % pure ZnPc(tomamine)2 (43 mg, 0.0322 mmol) as a 
darker blue solid than ZnPc(tomamine)1. 
1H NMR (500 MHz, CDCl3) δ 5.02 (bs), 3.98 (t, J=2.25 
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Hz, 2H), 3.81 (t, J=1.60 Hz, 2H), 3.08 (t, J=6.90 Hz, 4H), 2.99 (t, J=5.95 Hz, 2H), 1.16-1.69 (m, 
9H), 1.01-1.07 (m, 8H), 0.77-1.00 (m, 6H); 13C NMR (500 MHz, CDCl3) δ; 148.55, 147.59, 
141.45, 140.15, 136.07, 131.13, 130.59, 126.24, 123.09, 121.90, 120.22, 117.58, 114.15, 113.14, 
71.24, 69.90, 65.78, 53.47, 52.34, 51.65, 40.93, 39.72, 32.27, 31.63, 30.35, 28.47, 27.64, 25.52, 
24.16, 22.62; 19F NMR (400 MHz, CDCl3): δ -159.70-160.92 (m, 4F, αF), -169.13-169.93 (bd, 8F, 
βF).. HRMS (ESI) m/z calcd for C64H68F12N12O2Zn ([M+H]+), 1329.4761, found 1329.4748. 
 
4.2.3. Synthesis of ZnPc(tomamine)3. 
Zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine 
(ZnF16Pc) (100 mg, 0.115 mmol) dissolved in dimethylforamide (DMF) (10 mL) was reacted with 
3.2 equivalents of N1-(3-((8-methylnonyl)oxy)propyl)propane-1,3-diamine (100.5 mg, 0.371 
mmol) in the presence of potassium carbonate (52 mg, 0.376 mmol) at 120 oC, under a N2 
atmosphere for 24 hours. The reaction mixture was cooled and 20 mL of ethyl acetate (EtOAc) 
was added and washed with brine (3x). The organic layer was dried using sodium sulfate to remove 
trace amount of water. EtOAc was removed through a rotator evaporator and the crude product 
was purified by flash chromatography (silica gel) using 2 % methanol in CH2Cl2 as eluent to afford 
35 % pure ZnPc(tomamine)3 (63 mg, 0.0403 mmol) as a darker blue solid than ZnPc(tomamine)2. 
1H NMR (500 MHz, CDCl3) δ 5.01 (bs), 4.02 (t, J=1.30 Hz, 2H), 3.94 (t, J=8.0 Hz, 2H), 3.11 (t, 
J=6.90 Hz, 4H), 3.03 (t, J=5.70 Hz, 2H), 1.45-1.62 (m, 9H), 0.91-1.12 (m, 8H), 0.63-0.68 (m, 6H); 
13C NMR (500 MHz, CDCl3) δ; 149.55, 148.59, 141.34, 140.14, 136.02, 131.13, 130.58, 126.25, 
123.01, 121.89, 120.21, 117.56, 114.18, 113.13, 71.24, 69.90, 65.78, 53.47, 52.34, 54.05, 41.12, 
39.72, 32.26, 31.63, 30.34, 20.48, 27.64, 24.52, 23.16, 22.62; 19F NMR (400 MHz, CDCl3): δ -
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159.23 (s, 2F, αF), -169.13 (s, 8F, βF). HRMS (ESI) m/z calcd for C80H102F10N14O3Zn ([M+H]+), 
1563.7472, found 1563.7464. 
 
4.2.4. Synthesis of ZnPc(tomamine)4. 
Zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-phthalocyanine 
(ZnF16Pc) (100 mg, 0.115 mmol) dissolved in dimethylforamide (DMF) (10 mL) was reacted with 
5.2 equivalents of N1-(3-((8-methylnonyl)oxy)propyl)propane-1,3-diamine (163.3 mg, 0.603 
mmol) in the presence of potassium carbonate  (84 mg, 0.607 mmol) at 135 oC, under a N2 
atmosphere for 48 hours. The reaction mixture was cooled and 20 mL of ethyl acetate (EtOAc) 
was added and washed with brine (3x). The organic layer was dried using sodium sulfate to remove 
trace amount of water. EtOAc was removed through a rotator evaporator and the crude product 
was purified by flash chromatography (silica gel) using 5 % methanol in CH2Cl2 as eluent to afford 
18 % pure ZnPc(tomamine)4 (37 mg, 0.0207 mmol) as a dark blue to black solid. 
1H NMR (500 
MHz, CDCl3) δ 5.01 (bs), 4.28 (t, J=2.95 Hz, 2H), 4.21 (t, J=1.55 Hz, 2H), 3.27 (t, J=3.20 Hz, 
4H), 3.20 (t, J=5.5 Hz, 2H), 1.54-1.67 (m, 9H), 1.00-1.37 (m, 8H), 0.77-0.99 (m, 6H); 13C NMR 
(500 MHz, CDCl3) δ; 148.10, 147.13, 141.49, 139.15, 136.04, 132.14, 130.59, 126.50, 122.99, 
121.83, 120.27, 117.55, 113.85, 113.07, 70.26, 69.48, 65.39, 52.55, 51.38, 50.60, 39.51, 31.53, 
30.75, 29.78, 27.44, 26.66, 24.52, 23.16, 21.60; 19F NMR (400 MHz, CDCl3): δ -170.05 (s, βF).  
HRMS (ESI) m/z calcd for C97H138F8N16O4Zn ([M+H]
+), 1796.0184, found 1795.9958; calcd for 
C97H138F8N16O4Zn ([M+Na]
+), 1820.9997, found 1820.9997. 
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4.2.5. NMR Spectroscopy  
 The 1H NMR spectra of ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and 
ZnPc(tomamine)4 do not show a significant difference as there are no H present on the 
macrocycle. Only the substituted alkyl chains have H which are same in all four compounds. 
There is a little shift of peaks in all four compounds, but the integration and splitting are very 
similar. 1HNMR spectrum for ZnPc(tomamine)1 is well resolved compared to 
ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4 because of presence of isomers 
for the latter compounds. 13C NMR for all four compounds show all of aromatic carbons of 
the macrocycle as well as the aliphatic carbons of the substituted groups. 19F NMR is the most 
informative in characterizing these compounds. The 19F NMR spectra confirm the substitution 
of the β-fluorine atoms. The integration values for ZnPc(tomamine)1, ZnPc(tomamine)2, 
ZnPc(tomamine)3 show loss of two, four and six β-fluorine atoms respectively. However, for 
compound ZnPc(tomamine)4, the β-fluorine peak completely disappears indicating a 
complete substitution. 
 
4.2.6. UV-visible spectroscopy 
 PerkinElmer Lambda UV/VIS Spectrometer was used to record the UV-visible spectra of 
dilute solutions, typically ∼ 2 μM, of ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, 
and ZnPc(tomamine)4 in DMSO, THF, DCM, acetone, and methanol solvents. The spectra 
were recorded from 400 to 900 nm using 1 cm quartz cuvettes. There was a large shift 
observed for all four compounds compared to the parent ZnF16Pc molecule. High solvent 
dependency was observed for all four compounds with peak shifting blue or red depending 
on the solvent polarity and dielectric constant. Using PerkinElmer Peltier Temperature 
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Programmer PTP 1, the UV-visible spectra were taken at various temperatures 0, 25, 40, 60 
and 80 oC. For the ZnPc(tomamine)1 and ZnPc(tomamine)4, no significant temperature 
dependence in ʎmax was observed, the FWHM of 774 nm for ZnPc(tomamine)1 in DMSO and 
820 nm for ZnPc(tomamine)4 in DMSO do not change either. 
 
4.2.7. Emission spectroscopy, fluorescence quantum yield 
 Steady-state fluorescence (emission) spectra were measured with Fluorolog τ3, Jobin-
SPEX Instrument S.A., Inc. The spectra were recorded in DMSO, acetone and phosphate 
buffer saline (PBS) solvent in air and under nitrogen atmosphere by purging N2 gas through 
these solutions for ca. 10 minutes. The concentrations of each compound in these solutions 
were typically adjusted to have absorption of less than 0.1 at the excitation wavelength. 
ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4 were excited 
at 675 nm, 725 nm, 725 nm and 750 nm respectively. Both, the excitation and emission 
monochromators had a band pass of 5 nm. The corrected emission (for instrument response) 
and absorption (UV-visible) spectra were used to calculate the quantum yield. The quantum 
yields were calculated relative to ZnTPP in toluene, which has a fluorescence quantum yield 
of 0.033.14-15 All experiments were carried out on the same day, using identical concentrations 
and similar experimental conditions to minimize any experimental errors. All compounds 
showed quantum yields of less than 0.01. This is an indication that the excited state energy is 
being released by a method other than fluorescence emission. 
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4.2.8. Dynamic Light Scattering (DLS) for particle size measurement  
 Solutions of all four compounds were found to form aggregates in acetone and PBS. A 
Malvern Zetasizer nano series (DLS) instrument was used in batch mode at 25 oC to determine 
particle size. These solutions were sonicated in Fisher SF15 sonicator to break the large 
aggregates into the small ones. To measure the size solutions were prepared in 2% DMSO in 
PBS, the solution was sonicated for ca. 30 minutes and left to rest for another 30 min, filtered 
using 0.45 µm syringe filter and then the size was measured. Particles with sizes of 45±6 nm, 
62±9 nm, 101±7 nm, and 124±10 nm were observed for ZnPc(tomamine)1, ZnPc(tomamine)2, 
ZnPc(tomamine)3, and ZnPc(tomamine)4 respectively in acetone and 85±8 nm, 125±7 nm, 
197±10 nm and 242±9 nm in 2% DMSO in PBS.  
 
4.2.9. Quantum yield of singlet oxygen production 
The comparative method was used to measure singlet oxygen quantum yields of 
ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4 in acetone-d. Rose 
Bengal, whose singlet oxygen quantum yield (ΦΔ = 0.70 in acetone) is known16 was used as a 
standard reference. Samples of ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and 
ZnPc(tomamine)4 and rose Bengal were dissolved in d-acetone. The absorbance of all samples and 
rose Bengal reference was adjusted fitting into the range of 0.05-0.06 at 532 nm. The slopes 
derived from the plots of singlet oxygen luminescence intensity at 1270 nm vs absorbance were 
used for unknown quantum yield calculations according to the following equation:17 
 
𝜙𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝜙𝑈𝑛𝑘𝑛𝑜𝑤𝑛
 = 
𝑆𝑙𝑜𝑝𝑒(𝑆𝑡𝑑)
𝑆𝑙𝑜𝑝𝑒(𝑈𝑛𝑘)
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Instrument: A Q-switched Nd:YAG laser with a pulse duration of 3-4 ns and a maximum 
energy of 30 mJ at 532 nm (Polaris II-20, New Wave Research Merchantek Products) and a 
repetition rate of 20 Hz in combination with a FT 200 Fluorimeter (Picoquant) equipped with an 
InGaAs Hamamatsu micro channel photomultiplier were used for time-resolved 1O2 luminescence 
measurements. 
 
4.2.10. Photobleaching and compound stability 
Photostabilities of ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and 
ZnPc(tomamine)4 were determined using the UV-visible absorbance of the compounds. Solutions 
of compounds were made in acetone to have UV-vis absorbance ca. 0.05 in the lowest energy Q 
band (ca. 2-3 µM) in 1 cm glass cuvettes which were exposed to direct white light at 0.41 mW/cm2 
using a 13W fluorescent light. UV-visible measurements were taken after two, four and eight hours 
to assess the stabilities of the compounds. All experiments were done side by side on the same day 
to minimize any experimental errors. All compounds were intact >50% after 4 h of light exposure.   
 
4.2.11. Cell Culture. uptake and toxicity studies. 
All tissue culture medium and reagents were purchased. Dulbecco’s Modified Eagle Medium 
(DMEM) from Sigma Aldrich and FBS and antibiotic (Penicillin Streptomycin) from Invitrogen 
(Carlsbad, CA). MDA-MB-231 cells were purchased from ATCC and cultured in DMEM in 10% 
FBS and 1% antimycotic. The cells were split once every two days to maintain a sub-confluent 
stock. 
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MDA-MB-231, human breast cancer cells were maintained in DMEM, 10% FBS, 1% antimycotic 
at 37 °C and in 5% CO2 atmosphere were plated in cell culture dishes with coverslips for 24 hours. 
Cells were then incubated with ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and 
ZnPc(tomamine)4 dissolved in DMSO to a final concentration of 50 nM such that there was never 
more than 0.5% DMSO in the solution. After 24 h incubation, cells were washed with PBS 5-6 
times to remove the unbound compound and then fixed with 4% paraformaldehyde solution for 15 
min at room temperature. The cells were then washed with PBS 3 times again. The number of cells 
were counted under an inverted microscope. Since the compounds are not fluorescent, simple 
fluorescence microscopy could not be used to assess dye uptake. The cultures were treated with 
Triton X-100 bought from Sigma-Aldrich to lyse the cells. The resulting solutions were dissolved 
in acetone and UV-visible absorption spectra of each well on the plate was taken to find the amount 
of compound present per cell.  
Dark toxicity  
Then cells (10000) were seeded in a 24 well plate and incubated at 37 oC and in CO2 
atmosphere for 24 h until 70% confluence was observed. ZnPc(tomamine)1, ZnPc(tomamine)2, 
ZnPc(tomamine)3, and ZnPc(tomamine)4 were dissolved in DMSO and then diluted with DMEM 
into final working concentrations (6.25, 12.5, 25, 50, 100 μM). Compounds with different 
concentrations were added to the 70% confluent cells and incubated for 24 h. Then the medium 
containing dye was removed and washed once with PBS (pH ~ 7.4). 0.4% Trypan blue (Life 
Technologies™) was added to cells. The mixture was incubated at room temperature for 10 min, 
and trypan blue uptake was determined by counting on a hemacytometer. The IC50 values were 
calculated from dose-response curves, which were obtained using GraphPad Prism software.  
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Photo toxicity 
MDA-MB-231 cells were plated as described above. Then working concentrations (6.25, 12.5, 
25, 50, 100 μM) of ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4 
were added and incubated for 24 h. Then the medium was replaced with the fresh medium. The 
cells were then exposed to a white 13 W fluorescent light (0.92 mW cm-2 or 11.04 kJ m-2) for 20 
min. Then the medium containing the dye was removed. 0.4% Trypan blue (Life Technologies™) 
was added to cells. The mixture was incubated at room temperature for 10 min, and trypan blue 
uptake (dead cells) was determined by counting on a hemacytometer. The IC50 values were 
calculated from dose-response curves, which were obtained using GraphPad Prism software. 
 
4.2.12. Photothermal studies 
ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4 were dissolved 
in DMSO and then diluted with DMEM into final working concentrations (20, 40, 60, 80, 100 
μM). Blank solution without any compound was used as control. The final solutions were made 
sure not to have more than 5% DMSO. The solutions were then exposed to a white 13 W 
fluorescent lamp with intensity of 0.92 mw/cm2. Temperature was measured every 4 min with a 
digital thermometer. After 20 min, an increase of 1±1, 12±2, 15±2, 15±2 and 17±2 oC was observed 
for control, 100 μM ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, and 
ZnPc(tomamine)4 respectively.  
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4.2.13. Octanol/PBS partition studies 
Octanol-PBS partition coefficient values (Table 1) were determined for ZnPc(tomamine)1, 
ZnPc(tomamine)2, ZnPc(tomamine)3, and ZnPc(tomamine)4  using the classic shake flask 
method.18 
 
4.2.14 MM2 energy minimization 
The MM2 calculations were run on ChemOffice 3D with a minimum RMS gradient of 0.01, 
then molecular dymanics with a 2 fs interval were used to aneal the structure to 300 K, and the 
steric minimization was run again. This process was reapeated to assure that the minimimal 
geometry of the macrocycle was consistantly nonplanar. Similar procedures of the starting ZnF16Pc 
always yields a planar structure with the Zn(II) somewhat out of the plane of the isoindoles, 
consistent with crystal structures of similar complexes.19 
 
4.2.15. Photoacoustic studies 
Sample Preparation. Aqueous solutions of the phthalocyanines (ZnPc(tomamine)1, 
ZnPc(tomamine)2, ZnPc(tomamine)3 and ZnPc(tomamine)4) and a standard indocyanine green 
(ICG) dye were made at 10 µM concentrations with a <1% DMSO cosolvent. A 1.5% agarose 
tissue phantom was also made with 1.2% v/v of a commercial 20% intralipid emulsion added to 
mimic scattering and absorption.20 The dye solutions were loaded into plastic pouches and 
Compound Octanol:PBS logPOct:PBS 
ZnPc(tomamine)1 22:1 1.34 
ZnPc(tomamine)2 39:1 1.59 
ZnPc(tomamine)3 88:1 1.94 
ZnPc(tomamine)4 91:1 1.96 
 
Table 4.1. Octanol/PBS partition coefficients. 
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suspended in this tissue phantom at 50 °C in a 20 mL plastic syringe. The phantom was then 
allowed to cool to room temperature and set overnight before being removed from the syringe. 
Each phantom contained three samples in separate pouches: one ICG standard and two different 
concentrations of the ZnPc(tomamine) dye. The ICG and high concentration ZnPc(tomamine) 
samples were prepared at equal concentrations. 
 
4.2.16. Multispectral Optoacoustic Tomography (MSOT) imaging.  
MSOT was performed on an inVision 256-TF instrument (iThera Medical), which has been 
described previously.21 The cylindrical molded tissue phantom with the embedded dye-pouches 
was loaded into the instrument and submerged in a water bath kept at 34 °C. A wavelength-tunable 
light source is split and distributed about the sample to provide cylindrically symmetrical 
illumination of each cross-section. The detector has a similar cylindrical configuration, wrapping 
270° about the sample axis. The sample is z-translated through this source/detector ring in 1.0 mm 
steps to collect tomographic cross-sections. For each pixel within a cross-section (i.e. each voxel), 
the instrument scans excitation wavelengths from 690 to 900 nm in 10 nm increments, collecting 
and averaging 5 photoacoustic intensity measurements at each wavelength. Three dimensional 
tomograms were constructed from these cross-sections, and some of the images are shown in 
Figure 4.1.  
 
4.2.17. Photoacoustic spectra.  
Average photoacoustic (PA) spectra, i.e. plots of PA intensity vs. excitation wavelength, were 
reconstructed from the tomographic information for each dye. Representative cross-sections were 
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chosen for each dye-pouch, and the spectra of several pixels within each cross section were 
averaged together. These averaged PA spectra are shown in Figure 4.5. 
Results.  
     In the tomograms acquired, the detected PA intensity cannot discriminate between the various 
dyes present in the phantom. The distinct spectra of the individual dyes could theoreticallybe used 
to deconvolve the observed spectrum using a direct classical least-squares fitting technique, but in 
this case the individual spectra are too braad and overlapping for them to be completely separated. 
This firting technique was applied in the false-color image shown in figure 4.1, but the overlapping 
 
Figure 4.1. Photoacoustic 2-color images of (A) ZnPc(tomamine)1, (B) ZnPc(tomamine)2, (C) 
ZnPc(tomamine)3, and (D) ZnPc(tomamine)4 using a direct classical least-squares 
deconvolution technique. 
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colors indicate the limitations of the deconvolution procedure rather than physical mixing of the 
dyes.  
 
4.3. Discussion and Conclusion 
Most free base and closed shell metallophthalocyanines have fluorescence quantum yields of 
ca. 10% and singlet oxygen quantum yields of ca. 60%, with relatively weak solvent dependency 
causing ca. 15 nm shifts in different organic solvents.22-26 These values are somewhat less for water 
 
 
 
Figure 4.2. The side chains up to the oxygen and hydrogens are removed for clarity to highlight 
the distorted Pc of these MM2 steric energy minimized structures.  (A) ZnPc(tomamine)1, (B) 
ZnPc(tomamine)2, (C) ZnPc(tomamine)3, (D) ZnPc(tomamine)4. Annealing these several times 
to 300 K and re-minimizing consistently results in the same distortions. (E) space filling model 
of ZnPc(tomamine)1 appended to adjacent beta positions, and (F) space filling model of 
ZnPc(tomamine)1 where the primary amine is appended to a beta position and the secondary to 
the adjacent alpha position highlights the reason the latter is unreactive. 
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soluble species.26-27 Surprisingly, all of the ZnPc(tomamine)n derivatives do not fluoresce and have 
less than ca. 1% singlet oxygen quantum yields indicating very little intersystem crossing to the 
triplet state (Table S2). An unexpected discovery is that the strain induced by addition of a fused 
7-membered ring on the periphery of  the fluorous ZnPc is sufficient to cause the planar Pc 
macrocycle to distort, whereas previously bulky neighboring α substitutions were needed to distort 
the Pc.28-29  Steric energy minimizations on the adducts using Chembiodraw 3D also suggest non-
planar conformations  even after the first tomamine addition, and that the di- tri- and tetra- 
tomamine compounds are only slightly more distorted (Figure 2). These MM2 molecular dynamics 
indicate new vibrational modes for the macrocycle open up with the additional tomamines. The 
MM2 calculations reveal mixtures of both saddle and ruffling distortions.30 The exocyclic 7-
member ring contributes about 26 kj mol-1 of strain31 and the large ionic radius of the Zn(II) ion 
causes it to sit out of the Pc plane19 thereby diminishing the rigidity and lowering the energy 
barriers to distortions the macrocycle.32 The large ca. 76 nm red shift of the Q bands in the UV-
visible spectra after addition of only one tomamine and the large solvent dependence of these 
spectra are consistent with the distortion of the otherwise planar macrocycle (Table 2).28, 33-34 These 
data and conclusions are consistent with other distorted Pc and distorted porphyrins and complete 
shunting of the excited state energy to ground state via internal conversion.35 The photostabilities 
of all four adducts were assayed by UV-visible spectra, and ca. 50% of compounds are still intact 
after 8 h exposure to under direct white light at 0.41 mW/cm2 (Appendix C).  
Octanol-water partition coefficient data (Table 4.1) show that the log P increase and that 
solubility in aqueous media decreases with the number of tomamines added to the ZnF16Pc. The 
dynamic light scattering (DLS) indicates these compounds form aggregates in phosphate buffered 
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saline (PBS), where smaller aggregates were observed for mono and di substituted products when 
compared to tri and tetra substituted compounds (Figures C34-C37, Appendix C).  
 
 
 
Table 4.2. Photophysical properties of ZnPc(tomamine)1, ZnPc(tomamine)2, ZnPc(tomamine)3, 
and ZnPc(tomamine)4. *Handbook of solvent properties36 
  
Compound Solvent 
Dipole 
moment* 
Dielectric 
constant* UV-visible 
Absorption λmax 
1O2 ΦΔ 
Aggr. 
Size 
(nm) 
ZnPc(tomamine)1 Acetone 2.9 D 20.6 347, 674, 745 0.019 45  
DCM 1.8 D 9.1 348, 690, 747 - - 
  MeOH 1.7 D 32.6 347, 700, 754 - - 
  PBS 1.87 D 79.7 348, 690, 755 - 85 
  THF 1.75 D 7.6 348, 656, 754 - - 
  DMSO 3.96 D 46.6 347, 700, 774 - - 
ZnPc(tomamine)2 Acetone   348, 730, 768 0.009 62  
DCM   349, 732, 770 - - 
  MeOH    348, 710, 795 - - 
  PBS   349, 730, 768 - 125 
  THF   349, 731, 767 - - 
  DMSO   348, 735, 810 - - 
ZnPc(tomamine)3 Acetone   350, 690, 778 0.016 101 
  DCM   351, 702, 784 - - 
  MeOH   350, 710, 786 - - 
  PBS   350, 705, 790 - 197 
  THF   351, 702, 787 - - 
  DMSO   350, 715, 805 - - 
ZnPc(tomamine)4 Acetone   354, 702, 795 0.004 124 
  DCM   355, 716, 809 - - 
  MeOH   354, 725, 805 - - 
  PBS   355, 710, 802 - 242 
  THF   355, 708, 804 - - 
  DMSO   355, 726, 820 - - 
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Cell uptake and toxicity studies were done using the MDA-MB231 human breast cancer cell 
line. Dark toxicity studies show no to low toxicity at concentrations < 20 µM. Uptake studies show 
that mono and di substituted compounds are taken up by cells while tri and tetra substituted 
products show no significant uptake.  These uptake results are consistent with the solubility and 
aggregation pattern. We postulate that the large >100 nm aggregates of tri and tetra substituted 
compounds prohibit the uptake via simple diffusion through the cell membrane or by endocytosis. 
Mono and di substituted compounds are phototoxic when the cells were irradiated with white light 
at 0.80 mW/cm2 for 20 min (Figure 3).  Since 1O2 is not being produced by these dyes, we postulate 
 
 
Figure 4.3.  Phototoxicity and cell viability of tomamine substituted compounds. Pink = 
ZnPc(tomamine)1, red = ZnPc(tomamine)2, green = ZnPc(tomamine)3, black = 
ZnPc(tomamine)4. 
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that the thermal relaxation of the excited state is providing enough heat to kill the cancer cells. 
Simple photothermal assays showed a concentration dependent increase of 13-22 oC in solutions 
of the tomamine compounds in cell culture medium (DMEM, 10% FBS, 1% antimycotic) when 
irradiated under white light at 0.80 mW/cm2 for 16 min (Figure 4, Appendix C).   
 
 
Figure 4.4. Photothermal heating of 100 µM solutions in PBS buffer of tomamine 
substituted compounds. Pink = ZnPc(tomamine)1, red = ZnPc(tomamine)2, green = 
ZnPc(tomamine)3, black = ZnPc(tomamine)4. 
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The concepts of photothermal and photoacoustic (PA) activity are related. Thermal expansion 
leads to production of acoustic waves that are detected by ultrasonic transducers. Good 
photothermal conversion of these compounds prompted us to examine the PA properties of these 
compounds in agarose gel phantoms embedded into straws (Figure 4.5).21 Average PA spectra, i.e. 
plots of PA intensity vs. excitation wavelength, were reconstructed from the tomographic 
 
 
 
Figure 4.5. Top: Photoacoustic tomograms of (red) ZnPc(tomamine)1, (blue) ZnPc(tomamine)2, 
(orange) ZnPc(tomamine)3, and (purple) ZnPc(tomamine)4 in an agarose gel at ca. 10 µM, 
compared to a standard 10 µM indocyanine green (ICG). Bottom: photoacoustic image of the 
control (green) and the ZnPc(tomamine)2 in an agarose phantom. See appendix C for the 
photoacustic tomograms of the other tomamine compounds. 
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information for each dye. Representative cross-sections were chosen for each dye-pouch, and the 
spectra of several pixels within each cross section were averaged together. These averaged PA 
spectra are shown in Figure 4.4. In the tomograms acquired, the detected PA intensity cannot 
discriminate between the various dyes present in the phantom. Therefore, a direct classical least-
squares deconvolution technique was applied using the individual dye spectra to obtain the 2-color 
images (Figure 4.1A-D). Least-Squares Deconvolution or LSD is a new cross-correlation 
technique for computing average profiles from thousands of spectral lines simultaneously.  In all 
the figures, the green color indicates the indocyanine green (ICG) standard used in PA5 and the 
other color (red, blue, orange and purple) represents the corresponding tomamine-ZnPc conjugate 
in the same phantom. It should be noted that the spectra of the individual dyes are very broad and 
overlap significantly, reducing the effectiveness of this deconvolution procedure. This manifests 
as the apparent mixing of 2 colors in a single pouch in some of the tomograms, even though the 
dyes were not physically mixed in any of these experiments. Nevertheless, it is clear from the 
images that the ZnPcF(16-n)(tomamine)n offer similar intensities and contrast as ICG. This is further 
corroborated by the PA spectra seen in Figure 4. Despite the broadening, most likely due to the 
instrument acquisition parameters, and the broad absorption peaks of the dyes, these spectra show 
that the tomamine substituted Pc dyes exhibit PA intensities close to or somewhat better than the 
standard ICG dye. ZnPc(tomamine)2 appears to offer the best compromise between good PA 
intensity and other factors such as solubility, cell uptake and synthetic difficulty. The third and 
fourth substitution on the PC core only marginally enhance the PA signal. This data is consistent 
with the notion that the energy dispersal is only enhanced somewhat by the additional tomamine 
chains. Taken together, even though the ZnPcF(16-2n)(tomamine)n adducts have no intrinsic cancer 
targeting moieties, the amphipathic properties of the mono-adduct, and to a lesser extent the di-
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adduct, allow these compounds to be taken up by cancer cells, and exposure to white light causes 
necrosis by photothermal heating of the cells with surprisingly low light fluxes. The aggregation 
to a larger size particle of the tri- and tetra- adducts is likely the main reason these are not taken 
up by the cell appreciably. Future work will be aimed at appending cancer targeting motifs onto 
the mono- and di- tomaminie adducts. 
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Chapter 5. Carbon-1 versus Carbon-3 Linkage of D-galactose to 
Porphyrins: Synthesis, Uptake, and Photodynamic Efficiency§ 
§ This chapter is adapted from publication in Bioconjugate Chemistry (in press)1 
 
5.1. Introduction 
Galectins are animal lectins with high affinity for β-galactose-containing oligosaccharides.2 
Galectin-1, a member of this family, has a key role in different events associated with cancer 
biology including tumor transformation. Galectin-1 has been exploited as a target for anticancer 
drugs, since its expression is higher in tumors compared to normal tissues.3 
Drugs and other molecules can be taken up by cells via active or passive transport mechanisms, 
or combination of both.4 Passive mechanisms involve simple diffusion of the molecule through 
the cell membrane and depends on the molecular hydrophobicity,5 e.g. the octanol/water partition 
coefficient, while active uptake requires the target molecules to be recognized by specific receptors 
 
 
Figure 5.1. Tetrathioglycosylated porphryins. 
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and other intermolecular interactions. Porphyrinoids and other photosensitizers (PS) can be 
targeted toward cell receptors by appending appropriate targeting moieties. For example, 
chromophores appended with carbohydrates are directed to specific cell surface carbohydrate 
receptors or carbohydrate-binding proteins overexpressed in cancer cells. After light activation, 
glyco-PS can sensitize the formation of reactive oxygen species and induce cytotoxicity.6-17 Simple 
click-type reactions were reported to append polyglycerol dendrimers, glucose, polyethylene 
glycols, polyamines and polysaccharides to porphyrinoids.6, 18-21 Since most glycosylated 
porphyrinoids have O- linkages where hydrolysis diminishes in vivo effectiveness, non-
hydrolysable linkages can be more effective.6 
PS such as porphyrins are commonly used in photodynamic therapy (PDT).7, 9-10, 12, 17, 22 PDT is 
a rapidly growing modality to treat age-related macular degeneration, cancer, and various skin 
disorders using visible light.5, 22-23 Previously, our group appended PEGs, polyamines, lysines, 
alkanes, fluorous alkanes, sugars, and nucleotides with S-, O- and N- linkages to porphyrins.6, 24 
The PDT activity of many of these derivatives was studied with a variety of cell lines, and the 
glycosylated compounds affect both necrosis and apoptosis depending on PS concentration and 
light flux.24 We reported the synthesis of nonhydrolyzable tetrathioglucose and tetrathiogalactose 
porphyrins22 connected through carbon-1 of the sugar (Figure 5.1). The glucose derivative proved 
to be selective towards cancer cells overexpressing glucose transporters and an effective PDT 
agent in vitro using cell lines such as MDA-MB-231 human breast cancer, whereas the galactose 
derivative was much less effective.22 In addition to upregulation of glucose transporters 
expression, such as Glut-1, many cancer cells exhibit overexpression of galectin-1. Galactose 
derivatives linked at the carbon-1 position bind to galectins 200 fold less than corresponding 
carbon-3 derivatives.25 
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Galactosylated photosensitizers have demonstrated an excellent potential in PDT due to their 
ability to target galactose-binding proteins such as galectin-1.26 Photosensitizers linked to 
galactose via N-, S-, C- and O- bonds at carbon-1 (anomeric) or at carbon-6 of the sugar to the 
porphyrinoids are reported.7 To improve affinity for galactose-binding proteins, galactosylated 
dendritic motifs appended to porphyrinoids were developed to enable multivalent interactions.27-
28 Monovalent galactose derivatives attached at carbon-3 yielded compounds with greater affinity 
to galectin-1 than the corresponding carbon-1 derivatives.29 Therefore, we hypothesized that 
attachment of a porphyrin through the carbon-3 of galactose will result in improved uptake to 
cancer cells overexpressing galectin-1 protein.30 This report is the first direct comparison of the 
uptake and PDT efficiency of carbon-1 versus carbon-3 linked porphyrin-galactose conjugates. 
We attached galactose units through carbon-3 or carbon-1 to a Zn(II) porphyrin by click 
chemistry to yield (C1-Gal)4-ZnPor and (C3-Gal)4-ZnPor, respectively. Removing the 
metal ion yields the (C3-Gal)4-Por and (C1-Gal)4-Por derivatives (Scheme 5.1). Porphyrins 
conjugated with galactose through the carbon-3 of the sugar have not been previously 
explored in PDT. The main focus of the present research was to study the photophysical 
properties, in vitro cell uptake, and photodynamic efficiency of the carbon-1 versus the 
carbon-3 conjugates. In vitro cell studies were performed using HCT-116 colon cancer 
cells, MCF-7 breast cancer cells, UM-UC-3 bladder cancer cells and HeLa cervical cancer 
cells, which exhibit different levels of the galectin-1 protein (HeLa > UM-UC-3 > HCT-
116>MCF-7 cells).26 In addition to the monolayer cancer cell culture studies, we performed 
studies using 0.05 mm3 three-dimensional spheroids because they more closely mimic the 
tumor microenvironment and diffusion processes that take place in solid tumors; this 3D-
spheroid culture model enables more accurate predictions of in vivo of photosensitizer 
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efficacy.31-33 Recently, we have observed that monolayer cultures and tumor spheroids 
differ in glucose metabolism, endogenous reactive oxygen species (ROS), and galectin-1 
and GLUT-1 protein levels.30 Here, we report that even though the cell uptake for carbon-
3 conjugates is significantly greater than the carbon-1 derivatives and proportional to the 
protein levels of galectin-1, the PDT activities are about the same. 
 
5.2. Experimental procedures 
Commercially available reagents such as trifluoroaceticacid (TFA), sodium methoxide, and 
solvents such as methanol, DMSO, and CH2Cl2, were purchased from Sigma-Aldrich, Fisher 
Scientific or Acros Organics and used without further purification. 1,2,4,6-tetra-O-acetyl-3-azido-
3-deoxy-D-galactopyranose was prepared using the published procedure.34 5,10,15,20-tetrakis(4-
propargyloxyphenyl)porphyrin was synthesized using a known procedure.35 Analytical thin-layer 
chromatography (TLC) was performed on polyester-backed TLC plates 254 (precoated, 200 μm, 
Sorbent Technologies), and silica gel 60 (70−230 mesh, Merck) was used for column 
chromatography. 1H and 13C NMR spectra were obtained using a Brüker Avance III 400 MHz and 
Brüker Avance DRX 500MHz; chemical shifts are expressed in ppm relative to CDCl3 (7.26 ppm, 
1H; 77.0 ppm,13C), (CD3)2CO (2.05 ppm, 
1H; 29.84 and 206.26 ppm, 13C), CD3OD (3.31 and 4.78 
ppm, 1H; 49.2 ppm, 13C). Mass analyses were conducted at the CUNY Mass Spectrometry Facility 
at Hunter College on an Agilent iFunnel 6550 Q-ToF LC/MS System (for HRMS-ESI). The 
electrospray ionization was run in methanol, with 0.1% (v/v) formic acid. UV-visible spectra were 
recorded on a Lambda 35 PerkinElmer UV/Vis spectrophotometer. Steady-state fluorescence 
(emission) spectra were measured with a Fluorolog τ-3, Jobin-SPEX Instruments S.A., Inc. 
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5,10,15,20-tetrakis(4-propargyloxyphenyl)porphyrin was synthesized from commercially 
available 4-propargyloxy benzaldehyde and pyrrole.35 Zn complexation was carried out using 
Zn(OAc)2 in CH2Cl2 at room temperature overnight resulting in 98% overall yield of the 
metalloporphyrin 1. 1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-D-galactopyranose was prepared 
using the published procedure,34 and characterization was in agreement with the published spectra. 
The 1-azido-1-deoxy-β-D-galactopyranoside tetraacetate is commercially available. Either 
1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-β-D-galactopyranose or 2,3,4,6-tetra-O-acetyl-1-azido-1-
deoxy-β-D-galactopyranose (2.6 equivalents) were then refluxed overnight with one equivalent of 
porphyrin 1 using one equivalent Cu(0), 0.2 equivalents of CuSO4.5H2O, and 0.5 equivalents of 
Na-ascorbate dissolved in a mixture of THF/water resulting in porphyrins 2 and 5 in good yields 
after silica column purification using CH2Cl2/EtOAc (80:20) as eluent. 
 
 
Scheme 5.1. Synthesis of porphyrin-galactose conjugates. 
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5.2.1. Synthesis 
5.2.1.1.  5,10,15,20-tetrakis(4-propargyloxyphenyl)porphyrinato Zn(II), compound 1 
To 100 mg (0.12 mmol) of 5,10,15,20-tetrakis(4-propargyloxyphenyl)porphyrin in 20 mL 
CH2Cl2 was added 300 mg Zn(OAc)2. The reaction mixture was stirred at room temperature 
overnight. The obtained mixture was evaporated using rotary evaporator under reduced pressure 
followed by a silica chromatography with CH2Cl2/EtOAc (95:5) as eluent resulting in compound 
1 in 98% yield (105 mg, 0.117 mmol).1H NMR (500 MHz, CDCl3) δ 8.97 (s, 8H), 8.13 (d, J=8.35 
Hz, 8H), 8.35 (d, J1=8.35 Hz, 8H), 4.98 (s, 8H), 2.69 (s, 4H),); 
13C NMR (125 MHz, CDCl3) δ 
156.4, 134.5, 134.4, 118.5, 112.0, 77.6, 74.8, 55.1. 
 
5.2.1.2.  5,10,15,20-tetrakis[N-(2',3',4',6'-o-acetyl-1'-β-D-galactopyranosyl)-(4''-
methylenoxytriazole)-phenyl]porphyrinato Zn(II), compound 2 
Compound 1 (52.5 mg, 0.058 mmol), 1-azido-1-deoxy-β-D-galactopyranoside tetraacetate 
(56.24 mg, 0.15 mmol,) and (3.6 mg, 0.058 mmol) Cu(0) were dissolved in a mixture of THF/water 
(6 mL, 3:1), under inert gas atmosphere. To the above mixture, a solution of CuSO4.5H2O (2.9 
mg, 0.0116 mmol) and Na-ascorbate (5.75 mg, 0.029 mmol) in THF/water (6 mL, 3:1) was added 
and the reaction mixture was refluxed overnight. Then the reaction mixture was cooled to room 
temperature and extracted using ethyl acetate and brine. The organic layer was washed twice with 
brine and the combined organic layers were dried over Na2SO4 and the solvent was evaporated 
under reduced pressure. The crude product was then purified by silica chromatography. First using 
CH2Cl2 as eluent to remove any unreacted starting materials then followed by 80:20 
(CH2Cl2:EtOAc) to obtain the desired product in 90% yield (125 mg, 0.052 mmol). 
1H NMR (500 
MHz, CDCl3) δ 8.95 (s, 8H), 8.13 (d, J=7.8 Hz, 8H), 7.77 (s, 4H), 7.24 (d, J= 7.8 Hz, 8H), 5.59 
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(t, J=9.2 Hz, 4H), 5.53 (t, J=2.9 Hz, 4H), 5.42-5.45 (m, 4H), 5.21 (dd, J1= 2.95, J2= 2.95 Hz, 4H), 
4.67 (s, 8H), 4.16-4.20 (m, 8H), 4.09-4.13 (m, 4H), 2.20 (s, 12H), 2.05 (s, 12H), 2.00 (s, 12H), 
1.80 (s, 12H). 13C NMR (125 MHz, CDCl3) δ170.3, 170.1, 169.9, 169.3, 157.7, 150.4, 144.5, 
136.4, 135.7, 131.7, 120.9, 120.3, 112.9, 88.2, 86.1, 72.8, 70.7, 68.1, 66.9, 61.2, 61.2, 20.6, 20.6, 
20.6, 20.9. HRMS (ESI) m/z calcd. for C112H112N16O40Zn ([M+2H]
2+), 1194.3352, found 
1194.3325. 
 
5.2.1.3.  5,10,15,20-tetrakis[N-(1'-β-D-galactosyl)-(4''-methylenoxytriazole)-
phenyl]porphyrinato Zn(II), compound 3 
Compound 2 (62.5 mg, 0.026 mmol) was dissolved in methanol/CH2Cl2 (3:1, 10 mL). To this 
mixture was added sodium methoxide (0.5 M solution in methanol, 3 mL). The reaction mixture 
was stirred at room temperature for 4 h and then the solvent was evaporated using rotary 
evaporator. The resulting crude product was passed through Sephadex LH-20 using MeOH as 
eluent to yield (C1-Gal)4-ZnPor (3) in 84% yield (37.39 mg, 0.021 mmol).  
1H NMR (400 MHz, 
CD3OD) δ 8.85 (s, 8H), 8.54 (s, 4H), 8.13 (d, J= 7.92 Hz, 8H), 7.51 (d, J= 8Hz, 8H), 5.62 (d, J= 
9.04 Hz, 4H), 5.51 (s, 8H), 4.20 (t, J= 9.12 Hz, 4H), 3.81 (bs, 4H), 3.81-3.82 (m, 4H), 3.63-3.68 
(m, 12H); 13C NMR (100 MHz, CD3OD) δ 158.3, 150.11, 143.5, 136.0, 135.7, 131.9, 124.1, 120.3, 
113.4, 88.8, 79.0, 74.4, 70.0, 69.1, 62.1, 61.1. HRMS (ESI) m/z calcd. for C80H80N16O24Zn 
([M+H]+), 1715.4905, found 1715.4893. 
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5.2.1.4.   5,10,15,20-tetrakis[N-(1'-β-D-galactosyl)-(4''-methylenoxytriazole)-phenyl]porphyrin,  
compound 4 
(C1-Gal)4-ZnPor (3) (37.39 mg, 0.021 mmol) was dissolved in methanol/TFA (1:1, 10 mL). The 
reaction mixture was stirred at room temperature overnight and then the solvent was evaporated 
using rotary evaporator. The resulting crude product was washed with CH2Cl2 and acetone several 
times to yield (C1-Gal)4-Por (4) in 90% yield (31.18 mg, 0.018 mmol) as green solid.  
1H NMR 
(500 MHz, CDCl3) δ 8.87 (bs, 8H), 8.60 (s, 4H), 8.18 (bs, 8H), 7.53 (bs. 8H), 5.72-5.76 (m, 8H), 
5.49-5.62 (m, 8H), 4.47-4.59 (m, 4 H), 4.13-4.28 (m, 8H), 3.80-3.87 (m, 8H); 13C NMR (125 MHz, 
CDCl3) δ 158.1, 156.5, 156.2, 142.7, 124.0, 123.9, 113.1, 88.2, 87.6, 78.5, 74.4, 73.7, 73.0, 69.3, 
68.9, 68.6, 68.5, 68.0, 61.3, 60.5, 54.9. HRMS (ESI) m/z calcd. for C80H82N16O24 ([M+H]
+), 
1652.5791, found 1652.5771. 
 
5.2.1.5.   5,10,15,20-tetrakis[N-(1',2',4',6'-o-acetyl-3'-β-D-galactopyranosyl)-(4''-
methylenoxytriazole)-phenyl]porphyrinato Zn(II), compound 5 
Compound 1 (52.5 mg, 0.058 mmol), 1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-D-
galactopyranose (56.24 mg, 0.15 mmol) and Cu(0) (3.6 mg, 0.058 mmol) were dissolved in a 
mixture of THF/water (6 mL, 3:1), under inert gas atmosphere. To the above mixture, a solution 
of CuSO4.5H2O (2.9 mg, 0.0116 mmol) and Na-ascorbate (5.75 mg, 0.029 mmol) in THF/water 
(6 mL, 3:1) was added and the reaction mixture was refluxed overnight. Then the reaction mixture 
was cooled to room temperature and extracted using ethyl acetate and brine. The organic layer was 
washed twice with brine and the combined organic layers were dried over anhydrous Na2SO4 and 
the solvent was evaporated under reduced pressure. The crude product was then purified by silica 
chromatography. First using CH2Cl2 as eluent to remove any unreacted starting materials then 
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followed by CH2Cl2/EtOAc (80:20) to obtain the desired product in 84% yield (116 mg, 0.048 
mmol). 
1H NMR (500 MHz, CDCl3) δ 8.93 (bs, 8H), 8.11 (bs, 8H), 7.42-7.49 (m, 4H), 7.12-7.27 (m, 
8H), 5.09-5.53 (m, 12H), 4.65-4.72 (m, 8H), 3.86-4.34 (m, 12H), 1.67-2.14 (m, 48H); 13C NMR 
(100 MHz, CDCl3) δ 170.6, 169.5, 169.4, 168.6, 162.8, 143.7, 142.8,132.0, 132.0, 130.5, 126.0, 
123.3, 115.1, 115.0, 90.1, 72.0, 71.5, 68.6, 66.0, 63.0, 62.0, 61.9, 60.4, 57.9, 20.98, 20.8, 20.4, 
20.2, 20.2. HRMS (ESI) m/z calcd. for C112H112N16O40Zn ([M+2H]
+2), 1216.3161, found 
1216.4143. 
 
5.2.1.6.   5,10,15,20-tetrakis[N-(3'-β-D-galactosyl)-(4''-methylenoxytriazole)-
phenyl]porphyrinato Zn(II), compound 6 
Compound 5 (62.5 mg, 0.026 mmol) was dissolved in methanol/CH2Cl2 (3:1, 10 mL). To this 
mixture was added sodium methoxide (0.5 M solution in methanol, 3 mL). The reaction mixture 
was stirred at room temperature for 4 h and then the solvent was evaporated using rotary 
evaporator. The resulting crude product was passed through Sephadex LH-20 using MeOH as 
eluant to give (C3-Gal)4-ZnPor (6) in 79% yield (35.16 mg, 0.020 mmol).  
1H NMR (500 MHz, 
CD3OD) δ 8.81 (bs, 8H), 8.02 (bs, 8H), 7.65 (bs, 4H), 7.28 (bs, 8H), 5.45-5.47 (m, 4H), 5.31-5.33 
(m, 8H), 4.90-5.12 (m, 24H); 13C NMR (125 MHz, CD3OD) δ 159.8, 151.7, 141.6, 137.3, 136.6, 
132.5, 131.3, 121.5, 113.8, 63.4. HRMS (ESI) m/z calcd. for C80H80N16O24Zn ([M+H]
+), 
1715.4905, found 1715.4864; calcd. for C80H80N16O24Zn ([M+Na]
+), 1736.4745, found 
1736.4662. 
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5.2.1.7.   5,10,15,20-tetrakis[N-(3'-β-D-galactosyl)-(4''-methylenoxytriazole)-phenyl]porphyrin, 
compound 7 
(C3-Gal)4-ZnPor (6) (35.16 mg, 0.020 mmol) was dissolved in methanol/TFA (1:1, 10 mL). The 
reaction mixture was stirred at room temperature overnight and then the solvent was evaporated 
using rotary evaporator. The resulting crude product was washed with CH2Cl2 and acetone several 
times resulting in (C3-Gal)4-Por (7) in 87% yield (28.71 mg, 0.017 mmol) as a green solid.  
1H 
NMR (500 MHz, DMSO-d6) δ 8.86 (s, 8H), 8.14 (s, 12H), 7.47 (bs, 8H), 5.54 (s, 8H), 3.76-4.79 
(m, 28H), -2.82 (bs, 2H); 13C NMR (500 MHz, DMSO-d6) δ 158.5, 158.2, 158.1, 158.0, 157.7, 
135.4, 133.8, 120.3, 119.6, 117.9, 115.6, 113.2, 76.5, 72.9; HRMS (ESI) m/z calcd. for 
C80H82N16O24 ([M+H]
+), 1652.5791, found 1652.5735; calcd. for C80H82N16O24 ([M+Na]
+), 
1674.5610, found 1674.5545. 
 
5.2.2. Photophysics 
UV-visible and fluorescence measurements were performed on diluted solutions, typically about 
0.1 μM, of compounds in ethanol, dimethylsulfoxide (DMSO) and Dulbecco's phosphate buffered 
saline (DPBS without CaCl2 and MgCl2 pH = 7.4 with 2% v/v DMSO). The UV-visible spectra 
were obtained from 350 nm to 750 nm using 1 cm quartz cuvettes. For steady-state fluorescence 
spectroscopy, samples were excited at 425 nm for all solvents at concentrations where 
absorbancies are less than 0.1. For emission spectra, both the excitation and detection 
monochromators had a band-pass of 1 nm. The corrected emission (for instrument response) and 
absorption spectra were used to calculate the quantum yield. Fluorescence quantum yields were 
determined for (C3-Gal)4-Por (7), (C3-Gal)4-ZnPor (6), (C1-Gal)4-Por (4) and (C1-Gal)4-ZnPor 
(3), solutions relative to a tetraphenylporphyrin standard in toluene, which has a fluorescence 
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quantum yield of 0.11 in this and the other solvents.6, 36 All experiments were carried out on the 
same day, using identical concentrations to minimize any experimental errors. Dynamic light 
scattering (DLS) was used to determine aggregate size in the different solvents using a Malvern 
nano Zetasizer, modeled as a sphere and reported as the diameter. Samples were sonicated for 
about a minute and filtered with hydrophilic 200 nm filters before measurements 
 
5.2.3. Cell lines and culture 
UM-UC-3 bladder cancer cell line, HeLa cervical cancer cell line, HCT-116 colon cancer cell 
line and MCF-7 breast cancer cell line were obtained from the American Type Culture Collection 
(ATCC®, Manassas, VA, USA). All batches of culture media were supplemented with 10% (v/v) 
of fetal bovine serum (Life Technologies, Carlsbad, CA, USA), 100 U/mL penicillin, 100 µg/mL 
streptomycin and 0.25 µg/mL amphotericin B (Sigma). HCT-116 colon cancer cells, MCF-7 and 
MDA-MB-231 breast cancer cells were cultured in Dulbecco´s Modified Eagle´s Medium 
(DMEM, Sigma). UM-UC-3 bladder cancer cells were cultured in Eagle´s Minimum Essential 
Medium (EMEM; Corning, NY, USA) with 1.5 g/L sodium bicarbonate, non-essential amino 
acids, L-glutamine and sodium pyruvate. HeLa cervical cancer cells were cultured in DMEM 
(Corning) with 4.5 g/L glucose, and L-glutamine without sodium pyruvate. All cells were 
maintained at 37 ºC in a 5% CO2 humidified atmosphere. Agarose-coated 96-well plates were used 
for spheroid cultures as previously reported in theliterature.30 Briefly, 5000 HCT-116 cells per 
well, 15000 cells MCF-7 per well, 20000 UM-UC-3 cells per well and 20000 HeLa cells per well 
were plated on agarose-coated microplates and left for 48 h undisturbed to obtain viable spheroids 
with volume ≈ 0.05 mm.3 
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5.2.4. Cellular uptake 
After incubation of monolayers or spheroids of cancer cells with the photosensitizer in the dark, 
the cells were washed with PBS buffer (pH 7.60, 10 mM NaH2PO4, 70 mM Na2HPO4 and 145 mM 
NaCl) and scrapped in 1% (m/v) sodium dodecyl sulfate (SDS; Sigma) in PBS buffer at pH 7.0. 
The concentration of the porphyrins was determined by spectrofluorimetry using a microplate 
reader (Gemini EM Microplate Spectrofluorometer) with the excitation and emission filters set at 
410 nm and 702 nm, respectively. The results were normalized for protein concentration using the 
bicinchoninic acid reagent (Pierce, Rockford, IL, USA). 
For evaluation of cellular uptake by fluorescence microscopy, cells were grown on coated glass 
coverslips with poly-L-lysine (Sigma). The cells were incubated with 9 μM porphyrins for 4 h, at 
37 °C. After incubation, cells were washed twice with PBS and fixed with 4% paraformaldehyde 
(PFA; Merck, Darmstadt, Germany) for 10 min at room temperature. The samples were then rinsed 
in PBS, and mounted in Vecta SHIELD mounting medium containing 4´,6-diamidino-2-
phenylindole (DAPI; Vector Laboratories, CA, Burlingame) for visualization under a confocal 
microscope (Nikon Eclipse Ti With Ultra-High-Speed Wavelength Source, Molecular Devices) 
equipped with Andor iXon EMCCD camera. For DAPI detection, the specimen was excited at 405 
nm and light emitted was collected with a 460/50 nm band pass filter. Porphyrins fluorescence was 
obtained using 640 nm excitation and a 685/40 nm emission band pass filter. 
 
5.2.5. PDT assays 
After monolayers or spheroid cultures were incubated with 9 μM of porphyrins for 4 h, the 
cultures were gently rinsed with PBS, and then PDT assays were performed. The cells were 
exposed to light (420-700 nm) emitted by OLED Lumiblade Brite FL300-wm Level 4 (OLED 
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Works, Rochester, NY, USA) delivered at 0.44 mW/cm2 during 30 min (0.792 J/cm2). The controls 
were performed by keeping monolayers or spheroids in the dark for the same durations and under 
the same conditions as the irradiated cells. Triplicate wells were established under each 
experimental condition and each experiment was repeated at least three times. Cytotoxicity was 
determined in monolayer or spheroid cultures 24 h after treatment using the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma) and lactate dehydrogenase 
(LDH) assays, respectively.30 
 
5.2.6. MTT and lactate dehydrogenase assays 
The MTT assay was used to determine metabolic activity of cells growing in monolayers by 
measuring their ability to reduce the yellow-colored MTT to a colored formazan using a microplate 
reader (PowerWave HT Microplate Spectrophotometer). The data were expressed in percentage 
of control (i.e. optical density of formazan from control cells). The CytoTox 96® Non-Radioactive 
Cytotoxicity Assay (Promega, Madison, WI, USA) was used to determine cytotoxicity in spheroid 
cultures. The LDH activity was normalized to protein concentration and the data were normalized 
to the maximal LDH release.  
 
5.2.7. Statistical analysis 
Statistical analysis was performed using GraphPad Prism. Student’s t-test was used to compare 
the treatment effects with that of control. P-value was considered at the 5% level of significance 
of the data. All graphs and statistics were prepared using the GraphPad Prism 5.0 software. 
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5.3. Results and Discussion 
 
5.3.1. Synthesis and Characterization of the conjugates 
The synthesis and characterization of porphyrin 1 is typical for tetraaryl porphyrins, and 
proceeds in a ca. 33% overall yield. The zinc complex was made to avoid copper metalation of the 
macrocycle during the next step wherein copper salts were used for the click reaction, because 
copper (II) porphyrins are difficult to demetalate and have complex photophysics.37 Appending 
the commercially available or synthesized azido sugars to compound 1 were carried out using 
standard click chemistry conditions in 85-90% yields of compounds 2 and 5 without 
transmetalation of the macrocycle. Deprotection by removal of the acetate groups on the sugars 
was efficiently accomplished with sodium methoxide in methanol. Herein, a large excess of the 
base was avoided to prevent hydrolysis of the sugars, and Sephadex columns were used for 
purification. The zinc was removed using 1:1 methanol:TFA in about 6 h without hydrolysis of 
the sugars.  
The 1H NMR characterization of porphyrins 2 and 3 showed characteristic peaks for β pyrrolic 
porphyrin at ~ 8.5 ppm, 2,6- and 3,5- phenyl protons at ~ 8.1 and 7.2 ppm, galactopyranose peaks 
around 4.0-5.6 ppm, and the acetate peaks were found between 1.8-2.2 ppm. Due to the anomeric 
galactopyranoside (1,2,4,6-tetra-O-acetyl-3-azido-3-deoxy-D-galactopyranose), porphyrin 5 has a 
distinct multiplicity compared to porphyrin 2. 13C NMR confirmed the formation of the products 
where the carbonyl carbon peaks of acetates were found around 170 ppm and porphyrin aromatic 
peaks were found between 110-158 ppm. HRMS is consistent with the reported structures. 
After deprotection of the sugar hydroxyl groups on porphyrins 2 and 5, no peaks between 1.8-
2.2 ppm in the 1H NMR and no carbonyl peaks in the 13C NMR were observed, indicating that the 
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acetate groups were effectively removed. The free base porphyrins are characterized by the UV-
visible spectra, the observation of the pyrrole N-H at -2.7 ppm, and HRMS.  
 
5.3.2. Photophysics 
The photophysical properties of chromophores such as porphyrins with polar substituents 
depend on the solvent. The amphipathic nature of sugar substituted porphyrin allows it to partition 
into lipophilic, hydrophilic, or amphipathic cellular structures.6 Therefore, we have studied the 
photophysical properties in DMSO, ethanol and DPBS (pH = 7.4). The electronic spectra of the 
free base and metalated derivatives are significantly different. Zn analogues show red-shifted Soret 
bands and the typical two Q-bands between the 500-700 nm, while freebase analogues show the 
 
Compound Solvent UV-visible λmax (nm) 
Emission λmax (nm) 
424 nm excitation 
      ΦFa 
DLS (PDI) mean 
diameter & 
polydispersity 
index (nm) 
    (diameter, nm) 
(C1-Gal)4-ZnPor (3) DMSO 431, 568, 608 609, 659 0.03 - 
 
Ethanol 425, 564, 604 604, 655 0.03 74 (0.39) 
 
PBS buffer 410, 425, 446, 571, 613 655, 718 0.002 16, 38 (0.39) 
(C3-Gal)4-ZnPor (6) DMSO 430, 568, 608 608, 660 0.035 - 
 
Ethanol 425, 564, 604 604, 656 0.034 79, 164 (0.23) 
 
PBS buffer 424, 440, 453, 454, 573, 617 655, 723 0.003 24 (0.33) 
(C1-Gal)4-Por (4) DMSO 424, 523, 559, 588, 614 608, 655, 715 0.05 - 
 
Ethanol 419, 523, 562, 599, 651 604, 653, 715 0.06 80 (0.30( 
 
PBS buffer 402, 429, 530, 556, 603, 655 658, 734 0.01 24 (0.34) 
(C3-Gal)4-Por (7) DMSO 424, 524, 560, 588, 613 609, 656, 717 0.06 - 
 
Ethanol 419, 522, 563, 602, 657 603, 656, 717 0.05 67 (0.23) 
 
PBS buffer 410, 427, 530, 567, 602, 659 657, 718 0.008 28 (0.23) 
 
 
Table 5.1. Photophysical properties of C-1 and C-3 porphyrin derivatives. aΦF are ± 10%. 
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expected four Q bands. The absorbance and fluorescence emission spectra for the four compounds 
are correspondingly different and have a strong solvent dependence (Table 5.1). 
Compared to the fluorescence in DMSO, the fluorescence emission of both the free bases and 
the zinc complexes are ca. 80-90% quenched in PBS. There are negligible Stokes shifts for all 
compounds in DMSO and ethanol solvents, indicating minimal specific solvent-solute interactions 
with the macrocycle effecting vibrational processes. Excitation spectra of all compounds indicate 
the presence of only one species (data not shown). The 0.05 and 0.06 fluorescence quantum yields 
for (C1-Gal)4-Por (4) and (C3-Gal)4-Por (7) is similar to other free base glycosylated porphyrins, 
and almost twice the zinc complexes.6, 38 Because of the orthogonal phenyl groups, the 1,2,3-
triazole and hydrophilic sugar molecules has minimal effect on photophysical properties, but their 
presence modulates the amphipathicity to promote solvent dependence. The split Soret bands in 
the UV-visible spectra in PBS at ca. 0.1 µM of all four conjugates (Appendix D) indicate some 
degree of aggregation even at this low concentration. Thus, some of the quenching observed in 
PBS is due to the internal shading and the branching deactivation of aggregates. 
All deprotected compounds show normal UV-visible spectra in DMSO as expected for typical 
solvated porphyrins (Appendix D). In ethanol, the peaks are somewhat broadened indicating some 
level of aggregation. In PBS buffer, (C1-Gal)4-ZnPor (3), (C1-Gal)4-Por (4) and (C3-Gal)4-Por (7) 
are broadened and have shoulders to the blue and red of the main absorption in the UV-visible 
spectra indicating both J and H aggregates. The exception is (C3-Gal)4-ZnPor (6), which the 
electronic spectra indicates only J aggregates in PBS. To investigate the aggregation, the DLS 
studies were done in PBS buffer and ethanol. All compounds in PBS buffer yield 16-30 nm 
diameter aggregates. Larger 44-80 nm aggregates are observed in ethanol. Aggregates less than 
ca. 50 nm are known to be taken up by cancer cells.7 
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5.3.3. Uptake/binding 
It is generally accepted that there is a correlation between the expression level of receptors on 
the cell membrane and the uptake and/or binding of drugs appended to the ligands for the receptor. 
However, nonspecific partition into the membrane is also possible with hydrophobic or 
amphipathic molecules. Targeted porphyrin conjugates increase the local concentration of the dye 
around cancer cells, and when the binding constant is not large, there is an equilibrium between 
the free and bound conjugate. For dyes weakly bound to receptors, such as the compounds reported 
herein, the high local concentration of unbound dye around the cells increases passive diffusion, 
so uptake also depends on the hydrophobicity of the molecules.39 
 
5.3.4. Octanol-PBS partition coefficient values 
Octanol-PBS partition coefficient values were determined for (C1-Gal)4-ZnPor, (C1-Gal)4-Por, 
(C3-Gal)4-ZnPor and (C3-Gal)4-Por using the classic shake flask method.
6 Data show that the 
values of log P are higher for (C3-Gal)4-Por compared to (C1-Gal)4-Por (Table 5.2), indicating 
that (C1-Gal)4-Por has somewhat less water solubility compared with the corresponding (C3-
Gal)4-Por. As observed for many other tetraarylporphyrins, the partition coefficients were greater 
for the free base porphyrins when compared with Zn-porphyrin indicating the free bases are ca. 
33% more soluble in PBS.5 These differences in PS intrinsic lipophilicity can result in different 
subcellular localization and mechanisms of cell death after photoactivation. 
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5.3.5. In vitro studies with monolayer and spheroids 
Even though the uptake of carbon-3 conjugates is greater relative to the carbon-1 conjugates in 
the four cell lines, compounds 6 and 7 are not significantly better PDT agents in both monolayer 
and spheroid cell cultures. Since the free base (C1-Gal)4-Por and (C3-Gal)4-Por and the zinc 
complexes (C1-Gal)4-ZnPor and (C3-Gal)4-ZnPor are expected to have similar 
1O2 quantum 
yields,40-41 these observations suggest that there are important differences in uptake and 
intracellular transport between the carbon-1 and carbon-3 conjugates.  
 
5.3.5.1. Carbon-1 and carbon-3 galactose-porphyrins accumulate in cancer cells growing as 
monolayer and spheroid cultures and are non-toxic in the dark.  
To evaluate the photodynamic potential of the newly synthesized carbon-1 and carbon-3 
galactose-porphyrins, we first evaluated their accumulation in monolayer and spheroid cultures by 
fluorescence spectroscopy and microscopy and dark cytotoxicity. Monolayer cultures of cancer 
cells were incubated with increasing concentrations (2.25, 4.5 and 9 µM) of (C1-Gal)4-ZnPor, (C1-
Gal)4-Por, (C3-Gal)4-ZnPor and (C3-Gal)4-Por in PBS containing a maximum of 0.5% v/v 
 
Compound  logP 
(C1Gal)4-Por (4)  -1.36 
(C3Gal)4-Por (7)  -1.50 
(C1Gal)4-ZnPor (3)  -0.99 
(C3Gal)4-ZnPor (6)  -1.10 
 
Table 5.2. Partition coefficient (log P n-octanol/PBS) of the galactose-conjugates. 
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dimethyl sulfoxide, DMSO, for up to 4 h. Cancer cell-derived spheroids were incubated with the 
highest concentration (9 μM) of each photosensitizer. 
No toxicity was observed in untreated cells (up to 4 h) in the presence of 0.5% (v/v) DMSO in 
the incubation medium.30 Moreover, the galactose-porphyrins showed no significant dark 
cytotoxicity in monolayer and spheroid cultures at the maximum concentration tested 9 µM. 
The uptake by HCT-116, UM-UC-3 and HeLa cancer cells growing as monolayers or spheroids 
was greater for carbon-3 porphyrins than for carbon-1 porphyrins. The uptake of galactose-
porphyrins was greater in HCT-116, HeLa or UM-UC-3 cancer cells growing as monolayers than 
with monolayers of MCF-7 breast cancer cells. MCF-7 breast cancer cells have lower levels of 
galectin-1 protein compared to HCT-116, UMUC-3 and HeLa cancer cells.30 When spheroids were 
used as cell culture model, a decrease in the uptake of galactose-porphyrins was observed in HeLa 
cancer cells. 
 
Figure 5.2. Intracellular uptake of galactose-porphyrins by monolayer cultures of HCT-116, 
MCF-7, UM-UC-3 or HeLa cancer cells. The concentration of porphyrins was determined by 
fluorescence spectroscopy after incubation of cancer cells with 9 μM of galactose-porphyrins 
for 4 h and the results were normalized to protein quantity. Data are the means ± S.D.  
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5.3.5.2. Galactose-porphyrins induce cytotoxicity in monolayer and spheroid cultures after 
photodynamic activation  
After performing uptake assays, we investigated the effect of galactose-porphyrins mediated 
PDT efficacy in monolayer and spheroid cultures. The cells were treated 48 h after plating, with 9 
µM of galactosylated porphyrins for 4 h, and then exposed to light (420-700 nm) delivered at 0.44 
mW/cm2 during 30 min (0.792 J/cm2). The 48 h time point following cell seeding was chosen 
based on the time needed for spheroids of the different cell lines to form and achieve reproducible 
and similar compactness (based on spheroid volume and shape) in each well.30 In all monolayer 
cultures, the light activation of galactose-porphyrins induced reduction of cell viability.  
 
Figure 5.3. Intracellular uptake of galactose-porphyrins by spheroid cultures of HCT-116, MCF-
7, UM-UC-3 or HeLa cancer cells. The concentration of porphyrins was determined by 
fluorescence spectroscopy after incubation of cancer cells with 9 μM of galactose-porphyrins for 
4 h and the results were normalized to protein quantity. Data are the means ± S.D.  
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As shown in Figure 5.4, the phototoxicity of carbon-3 porphyrins in cancer cells growing as 
monolayers was similar to carbon-1 porphyrins. As expected, the phototoxicity was greater in 
monolayer cultures of HCT-116, UM-UC-3 and HELA compared to MCF-7 cells because of the 
reduced galectin-1 expression level in the latter.30 When PDT assays used spheroid cultures, the 
release of LDH into the culture medium was increased compared with control cells (Figure 5.5). 
After PDT, LDH released by HCT-166, UM-UC-3 and HeLa spheroids was greater than that by 
MCF-7 spheroid cultures. However, the amount of LDH leakage into the extracellular medium 
was lower for all cancer spheroid cultures when compared to monolayer countercultures. In 
spheroid cultures of HCT-166, UM-UC-3 and HELA the PDT efficacy is slightly greater for the 
carbon-3 derivative than for the carbon-1 derivatives, and again there is little effect on spheroids 
of MCF-7. 
 
Figure 5.4. Cytotoxicity at 24 h after PDT with galactose-porphyrins in cancer cells growing in 
monolayers, determined using the MTT assay. Cells were incubated with 9 µM PS for 4 h and 
PDT was performed during 30 min at 0.44 mW/cm2. Data are means ± S.D.  
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5.4. Conclusion 
Carbon-1 and carbon-3 galactose-porphyrins demonstrate high accumulation and phototoxicity 
in cell lines (monolayers or spheroids) containing high expression of galectin-1 protein. The 
octanol/PBS partition coefficients indicate that the carbon-1 compounds are somewhat more 
lipophilic than the carbon-3 derivatives and indicates facilitated diffusion as a mode of uptake. 
Carbon-1 and carbon-3 galactose-porphyrins demonstrated low uptake in MCF-7 cancer cells, 
which contain low levels of galectin-1 protein. In cell lines containing high levels of galectin-1 
(HCT-116, HeLa and UM-UC-3),26 carbon-3 compounds demonstrated greater uptake compared 
with carbon-1 galactose-porphyrins. The greater uptake of carbon-3 compared with carbon-1 
galactose-porphyrin can be explained by its higher water solubility, as well as be the availability 
of the hydroxyl group at carbon-1 to bind the carbohydrate-recognition domain of galectin-1 
 
Figure 5.5. Cytotoxicity at 24 h after PDT with galactose-porphyrins in cancer cells growing in 
spheroids, determined using the LDH assay. Spheroids were incubated with 9 µM PS for 4 h and 
PDT was performed during 30 min at 0.44 mW/cm2. Data are means ± S.D.  
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protein.29 The similar photodynamic efficiency of carbon-1 and carbon-3 galactose-porphyrins in 
cell lines containing different levels of galectin-1 protein can be a result of differences in 
intracellular localization, as well as differences in cellular oxygenation, cell death mechanism, and 
cellular antioxidant responses upon light activation. 
  
 142 
5.5. References 
1. Patrícia M. R. Pereira, W. R., N. V. S. Dinesh K. Bhupathiraju, Naxhije Berisha, Rosa 
Fernandes, João P.C. Tomé, Charles Michael Drain, Carbon-1 Versus Carbon-3 Linkage of D-
Galactose to Porphyrins: Synthesis, Uptake, and Photodynamic Efficiency. Bioconjugate 
chemistry 2018 (in press). 
 
2. Liu, F.-T.; Rabinovich, G. A., Galectins as Modulators of Tumour Progression. Nat Rev 
Cancer 2005, 5, 29-41. 
 
3. Rabinovich, G. A., Galectin-1 as a Potential Cancer Target. British Journal of Cancer 
2005, 92, 1188-1192. 
 
4. Kell, D. B.; Oliver, S. G., How Drugs Get into Cells: Tested and Testable Predictions to 
Help Discriminate between Transporter-Mediated Uptake and Lipoidal Bilayer Diffusion. Front. 
Pharmacol. 2014, 5, 231, 1-32. 
 
5. Drain, C. M.; Mauzerall, D. C., Photogating of Ionic Currents across Lipid Bilayers. 
Hydrophobic Ion Conductance by an Ion Chain Mechanism. Biophysical Journal 1992, 63, 1556-
1563. 
 
6. Singh, S.; Aggarwal, A.; Thompson, S.; Tomé, J. P. C.; Zhu, X.; Samaroo, D.; Vinodu, M.; 
Gao, R.; Drain, C. M., Synthesis and Photophysical Properties of Thioglycosylated- Chlorins, 
Isobacteriochlorins and Bacteriochlorins for Bioimaging and Diagnostics. Bioconjugate chemistry 
2010, 21, 2136-2146. 
 
7. Singh, S.; Aggarwal, A.; Bhupathiraju, N. V. S. D. K.; Arianna, G.; Tiwari, K.; Drain, C. 
M., Glycosylated Porphyrins, Phthalocyanines, and Other Porphyrinoids for Diagnostics and 
Therapeutics. Chemical Reviews 2015, 115, 10261-10306. 
 
8. Thompson, S.; Chen, X.; Hui, L.; Toschi, A.; Foster, D. A.; Drain, C. M., Low 
Concentrations of a Non-Hydrolysable Tetra-S-Glycosylated Porphyrin and Low Light Induces 
Apoptosis in Human Breast Cancer Cells Via Stress of the Endoplasmic Reticulum. Photochemical 
& Photobiological Sciences 2008, 7, 1415-1421. 
 
9. Csík, G.; Balog, E.; Voszka, I.; Tölgyesi, F.; Oulmi, D.; Maillard, P.; Momenteau, M., 
Glycosylated Derivatives of Tetraphenyl Porphyrin: Photophysical Characterization, Self-
Aggregation and Membrane Binding. Journal of Photochemistry and Photobiology B: Biology 
1998, 44, 216-224. 
 
10. Obata, M.; Hirohara, S.; Sharyo, K.; Alitomo, H.; Kajiwara, K.; Ogata, S.; Tanihara, M.; 
Ohtsuki, C.; Yano, S., Sugar-Dependent Photodynamic Effect of Glycoconjugated Porphyrins: A 
Study on Photocytotoxicity, Photophysical Properties and Binding Behavior to Bovine Serum 
Albumin (Bsa). Biochimica et biophysica acta 2007, 1770, 1204-11. 
 
 143 
11. Hirohara, S., et al., Cellular Uptake and Photocytotoxicity of Glycoconjugated Chlorins in 
Hela Cells. Journal of photochemistry and photobiology. B, Biology 2005, 78, 7-15. 
 
12. Maillard, P.; Loock, B.; Grierson, D. S.; Laville, I.; Blais, J.; Doz, F.; Desjardins, L.; 
Carrez, D.; Guerquin-Kern, J. L.; Croisy, A., In Vitro Phototoxicity of Glycoconjugated 
Porphyrins and Chlorins in Colorectal Adenocarcinoma (Ht29) and Retinoblastoma (Y79) Cell 
Lines. Photodiagnosis and photodynamic therapy 2007, 4, 261-8. 
 
13. Zorlu, Y.; Ermeydan, M. A.; Dumoulin, F.; Ahsen, V.; Savoie, H.; Boyle, R. W., Glycerol 
and Galactose Substituted Zinc Phthalocyanines. Synthesis and Photodynamic Activity. 
Photochemical & photobiological sciences : Official journal of the European Photochemistry 
Association and the European Society for Photobiology 2009, 8, 312-8. 
 
14. Okada, M.; Kishibe, Y.; Ide, K.; Takahashi, T.; Hasegawa, T., Convenient Approach to 
Access Octa-Glycosylated Porphyrins Via “Click Chemistry”. International Journal of 
Carbohydrate Chemistry 2009, 2009, 9. 
 
15. Iqbal, Z.; Hanack, M.; Ziegler, T., Synthesis of an Octasubstituted Galactose Zinc(Ii) 
Phthalocyanine. Tetrahedron Letters 2009, 50, 873-875. 
 
16. Soares, A. R. M.; Tomé, J. P. C.; Neves, M. G. P. M. S.; Tomé, A. C.; Cavaleiro, J. A. S.; 
Torres, T., Synthesis of Water-Soluble Phthalocyanines Bearing Four or Eight D-Galactose Units. 
Carbohydrate Research 2009, 344, 507-510. 
 
17. Hirohara, S.; Nishida, M.; Sharyo, K.; Obata, M.; Ando, T.; Tanihara, M., Synthesis, 
Photophysical Properties and Photocytotoxicity of Mono-, Di-, Tri- and Tetra-Glucosylated 
Fluorophenylporphyrins. Bioorganic & Medicinal Chemistry 2010, 18, 1526-1535. 
 
18. Pasetto, P.; Chen, X.; Drain, C. M.; Franck, R. W., Synthesis of Hydrolytically Stable 
Porphyrin C- and S-Glycoconjugates in High Yields. Chemical Communications 2001, 81-82. 
 
19. Samaroo, D.; Soll, C. E.; Todaro, L. J.; Drain, C. M., Efficient Microwave-Assisted 
Synthesis of Amine-Substituted Tetrakis(Pentafluorophenyl)Porphyrin. Organic letters 2006, 8, 
4985-8. 
 
20. Samaroo, D.; Vinodu, M.; Chen, X.; Drain, C. M., Meso-
Tetra(Pentafluorophenyl)Porphyrin as an Efficient Platform for Combinatorial Synthesis and the 
Selection of New Photodynamic Therapeutics Using a Cancer Cell Line. Journal of Combinatorial 
Chemistry 2007, 9, 998-1011. 
 
21. Bhupathiraju, N. V. S. D. K.; Rizvi, W.; Batteas, J. D.; Drain, C. M., Fluorinated 
Porphyrinoids as Efficient Platforms for New Photonic Materials, Sensors, and Therapeutics. 
Organic & Biomolecular Chemistry 2016, 14, 389-408. 
 
 144 
22. Chen, X.; Hui, L.; Foster, D. A.; Drain, C. M., Efficient Synthesis and Photodynamic 
Activity of Porphyrin-Saccharide Conjugates: Targeting and Incapacitating Cancer Cells. 
Biochemistry 2004, 43, 10918-29. 
 
23. Josefsen, L. B.; Boyle, R. W., Photodynamic Therapy: Novel Third-Generation 
Photosensitizers One Step Closer? British Journal of Pharmacology 2008, 154, 1-3. 
 
24. Kralova, J., et al., Glycol Porphyrin Derivatives as Potent Photodynamic Inducers of 
Apoptosis in Tumor Cells. Journal of medicinal chemistry 2008, 51, 5964-73. 
 
25. van Hattum, H.; Branderhorst, H. M.; Moret, E. E.; Nilsson, U. J.; Leffler, H.; Pieters, R. 
J., Tuning the Preference of Thiodigalactoside- and Lactosamine-Based Ligands to Galectin-3 over 
Galectin-1. Journal of medicinal chemistry 2013, 56, 1350-4. 
 
26. Pereira, P. M. R.; Silva, S.; Ramalho, J. S.; Gomes, C. M.; Girão, H.; Cavaleiro, J. A. S.; 
Ribeiro, C. A. F.; Tomé, J. P. C.; Fernandes, R., The Role of Galectin-1 in In vitro and In vivo 
Photodynamic Therapy with a Galactodendritic Porphyrin. Eur. J.  Cancer 2016, 68, 60-69. 
 
27. Pereira, P. M. R.; Silva, S.; Cavaleiro, J. A. S.; Ribeiro, C. A. F.; Tomé, J. P. C.; Fernandes, 
R., Galactodendritic Phthalocyanine Targets Carbohydrate-Binding Proteins Enhancing 
Photodynamic Therapy. PLOS ONE 2014, 9, e95529. 
 
28. Silva, S.; Pereira, P. M. R.; Silva, P.; Almeida Paz, F. A.; Faustino, M. A. F.; Cavaleiro, J. 
A. S.; Tome, J. P. C., Porphyrin and Phthalocyanine Glycodendritic Conjugates: Synthesis, 
Photophysical and Photochemical Properties. Chem. Comm. 2012, 48, 3608-3610. 
 
29. van Hattum, H.; Branderhorst, H. M.; Moret, E. E.; Nilsson, U. J.; Leffler, H.; Pieters, R. 
J., Tuning the Preference of Thiodigalactoside- and Lactosamine-Based Ligands to Galectin-3 over 
Galectin-1. J. Med. Chem. 2013, 56, 1350-1354. 
 
30. Pereira, P. M. R.; Berisha, N.; Bhupathiraju, N. V. S. D. K.; Fernandes, R.; Tomé, J. P. C.; 
Drain, C. M., Cancer Cell Spheroids Are a Better Screen for the Photodynamic Efficiency of 
Glycosylated Photosensitizers. PLOS ONE 2017, 12, e0177737. 
 
31. Breslin, S.; O'Driscoll, L., Three-Dimensional Cell Culture: The Missing Link in Drug 
Discovery. Drug discovery today 2013, 18, 240-9. 
 
32. Perche, F.; Torchilin, V. P., Cancer Cell Spheroids as a Model to Evaluate Chemotherapy 
Protocols. Cancer biology & therapy 2012, 13, 1205-13. 
 
33. Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; 
Tesei, A., 3d Tumor Spheroid Models for in Vitro Therapeutic Screening: A Systematic Approach 
to Enhance the Biological Relevance of Data Obtained. Scientific reports 2016, 6, 19103. 
 
 145 
34. Lowary, T. L.; Hindsgaul, O., Recognition of Synthetic O-Methyl, Epimeric, and Amino 
Analogues of the Acceptor Alpha-L-Fuc P-(1-->2)-Beta-D-Gal P-or by the Blood-Group a and B 
Gene-Specified Glycosyltransferases. Carbohydrate research 1994, 251, 33-67. 
 
35. Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C.; Marguerettaz, A. M., 
Rothemund and Adler-Longo Reactions Revisited: Synthesis of Tetraphenylporphyrins under 
Equilibrium Conditions. J.  Org. Chem. 1987, 52, 827-836. 
 
36. Seybold, P. G.; Gouterman, M., Porphyrins. Journal of Molecular Spectroscopy 1969, 31, 
1-13. 
 
37. Hao, E.; Jensen, T. J.; Vicente, M. G. H., Synthesis of Porphyrin-Carbohydrate Conjugates 
Using "Click" Chemistry and Their Preliminary Evaluation in Human Hep2 Cells. J.  Porphyrins 
Phthalocyanines 2009, 13, 51-59. 
 
38. Boisbrun, M.; Vanderesse, R.; Engrand, P.; Olié, A.; Hupont, S.; Regnouf-de-Vains, J.-B.; 
Frochot, C., Design and Photophysical Properties of New Rgd Targeted Tetraphenylchlorins and 
Porphyrins. Tetrahedron 2008, 64, 3494-3504. 
 
39. Mishra, P. P.; Patel, S.; Datta, A., Effect of Increased Hydrophobicity on the Binding of 
Two Model Amphiphilic Chlorin Drugs for Photodynamic Therapy with Blood Plasma and Its 
Components. J.  Phys. Chem. B 2006, 110, 21238-21244. 
 
40. Garcia, G.; Naud-Martin, D.; Carrez, D.; Croisy, A.; Maillard, P., Microwave-Mediated 
‘Click-Chemistry’ Synthesis of Glycoporphyrin Derivatives and In vitro Photocytotoxicity for 
Application in Photodynamic Therapy. Tetrahedron 2011, 67, 4924-4932. 
 
41. Lafont, D.; Zorlu, Y.; Savoie, H.; Albrieux, F.; Ahsen, V.; Boyle, R. W.; Dumoulin, F., 
Monoglycoconjugated Phthalocyanines: Effect of Sugar and Linkage on Photodynamic Activity. 
Photodiagnosis and photodynamic therapy 2013, 10, 252-259. 
 
  
 146 
Chapter 6. Pushing Phthalocyanine Research Further: Free Base 
Fluorinated Phthalocyanine and Fluorinated Naphthalocyanine Platforms 
 
6.1. Introduction 
There is a tremendous potential for applications of porphyrinoids and their derivatives 
in biomedicine,1-3 catalysis,4-9 solar energy harvesting,10-15 sensors,16-22 and tracers.2, 23 Due 
to their photophysical and electrochemical properties, remarkable stability, and ability to 
chelate to nearly every metal further diversifies the chemical properties and applications. 
The multifunctional properties are modulated by appending various chemical moieties on 
the periphery of the macrocycles using nucleophilic aromatic substitution chemistry and by 
varying the core metal ion.2  
Phthalocyanines (Pcs) are a group of chemical compounds which are structurally 
analogous to naturally occurring porphyrins. Pcs do not occur in nature, rather they are 
synthesized.24-26 Many Pcs are used as dyes and pigments and these commodity chemicals 
are mass produced at around 50,000 tons annually.26-27 Due to their numerous and 
interesting photophysical and photochemical properties Pcs are used in medicine, 
electronics and nonlinear optics, and they can also be used as catalysts.2, 28-33 Pcs are 
somewhat similar to naturally occurring porphyrins in terms of structure, which allows 
them to be used as models of biologically active compounds.34 Pcs have recently been 
defined as second-generation photosensitizers that are being employed in photodynamic 
therapy (PDT) of various diseases such as cancers.1-3, 35-38 Naphthalocyanines (NPcs) are 
derivatives of Pcs which have an extra six membered rings fused on the periphery of the 
molecule. This extension of the conjugation gives Ncs photophysical properties somewhat 
different than Pcs (Figure 6.1).  
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Just like porphyrins, Pcs are chemically stable, and have a strong absorption peak in the 
NIR region of the optical spectra (λmax ≈ 670 nm) where light penetrates deeper into tissues 
and have good 1O2 quantum yields for PDT.
1, 39-40 Due to these properties, extensive 
research  has been conducted on the synthesis and functionalization of Pcs to tune their 
photochemical and photophysical properties.41 However, a few of the disadvantages of 
these compounds include difficulties in purification, formation of isomeric mixtures, and 
strong aggregation.2 To solve these issues, present research focuses on functionalizing 
fluorinated analogues.42 Several bio-motifs containing S, N, and O groups can be easily 
substituted using click substitution chemistry to obtain pure Pcs with better water 
solubility.2 Our group was the first to  report the synthesis of a zinc Pc appended with eight 
nonhydrolysable thioglucose units obtained via nucleophilic substitution of acetyl protected 
 
 
Figure 6.1. UV-visible absorbance spectra of porphyrin (red), phthalocyanine (blue), and 
naphthalocyanine (green). 
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thioglucose onto  commercially available fluorinated Zn(II)Pc.43 The further extension of 
the pi system in NPcs results in strongly absorbing Q bands in the 760 nm range, where 
light penetrates efficiently into tissues. Many of these compounds are relatively non-toxic, 
can be synthesized in high purity and generate singlet oxygen (1O2) in high yield for PDTs.  
Unlike porphyrins, fluorinated Pcs are very difficult to synthesize, especially the free 
base molecules (lacking core metal) and only a few unreliable methods – a few falsely 
claiming to have demetallated the metalPc and a few using nucleophilic solvents to 
synthesize fluorinated platforms without substitution – have been reported.44-45 Zinc and 
copper fluorinated metalloPcs are commercially available whereas all other metals have not 
been reported. We believe that there is a strong potential to further Pc research if a reliable 
free base fluorinated Pc (H2F16Pc) synthesis is reported. Fluorinated NPCs (F16NPc), on the 
other hand, have not been reported. During the last five years, we have tried various 
methods to synthesize Pc rings that provide a vacant site at its center, ideally suited for 
metal ion incorporation. It is hypothesized that the inner NH protons of the ring of Pc 
possess acidic character and hence can get deprotonated to give electronically sensitive 
planar n-framework and central cavity which exhibits remarkable ligation characteristic 
towards metal ions. Thus, derivatives of Pc with almost all metals and semimetals can be 
synthesised. A crucial factor to form stable metalloPcs depends on the compatibility of Pc 
ring size with the ionic radii of the various metal cations. Apart from functionalization via 
nucleophilic aromatic substitution click chemistry, the ability to exhibit variable oxidation 
states of metals in metalloPcs is another important feature that can be exploited in this 
proposed class of compounds.  
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6.2. Photophysics 
The most useful spectroscopic technique for the study of Pcs and their metallo 
derivatives is the electronic absorption spectroscopy. There are two characteristic regions 
in the UV-visible absorption spectra of Pcs: The B band (~ 300- 400 nm) and the Q band 
(~ 550-750 nm). The UV-visible absorbance spectra of metalloPcs exhibit one narrow and 
intense band in the Q region λmax = 650-750 nm, which is due to the D4h symmetry. 
However, the spectra of Q region of free-base Pcs differ substantially from the spectra of 
metalloPcs (Figure 6.2). The LUMO of free base Pcs is split into two levels: Qx and Qy 
because of the D2h symmetry, thus the Q band region of the UV-visible spectra is split into 
two intense peaks called Qx and Qy ( Qx >  Qy) compared with the metal complexed Pcs 
where there is only one Q band peak. On the blue side of the Q bands in free base 
complexes, much less intense vibronic bands (Qvib, x and Qvib, y) are seen (Figure 6.2).
26  
 
 
Figure 6.2. UV-visible absorbance spectra of free base Pc (blue) and metal Pc (orange). 
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In addition to UV-visible absorbance spectroscopy, fluorescence spectroscopy has been 
used in studies of Pcs and porphyrins for years. In Pcs both S1 and S2 emissions observed. 
There are cases where Pc complexes are reported to show the weak violet emission (S2) in 
addition to the strong red emission from the lowest singlet excited state (S1).46-47  
 
6.3. Aggregation 
The properties, synthesis and ease of purification of Pcs heavily depends on their degree 
of aggregation and solubility of these compounds. The aggregation of phthalocyanines is 
usually a result of - interactions between  electron clouds of adjacent macrocycles and 
this is phenomenon is called - stacking and is seen both in free base and metallo Pcs.48 
Due to these interactions, two or more molecules stack face to face and make dimers or 
even higher associated molecules. Many factors such as concentration of Pcs, solvents, 
peripheral substituents, the type of complexed metal ion, ionic strength of the solution and 
temperature influence aggregation in these molecules.26, 49-52 Aggregation usually limits 
application of these compounds. Aggregated compounds develop mainly due to 
interactions of delocalized  electrons of macrocycles. Aggregation can be detected via the 
UV-visible spectra, and changes are visible in the B band as well as the Q band. Aggregated 
dimers have an intense and broad Q band at ca. λmax = 630 nm. As the aggregation increases, 
there is a blue shift observed for the Q band and to a lesser extent of the B band. The max 
position of trimer band and higher aggregated compounds occur usually between 600 and 
630 nm.26, 52 The intense band at ca. 660-700 nm, which is typical for the monomeric 
solvated molecules, is red shifted about 30-70 nm compared the max of the dimer band. A 
smaller red shift in the B band is also seen.26, 52 Unlike tetraphenyporphyrins, which pi-
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stack like a deck of cards (J-aggregates) and the resulting aggregates display red-shifted 
optical spectra, Pc and NPc tend to stack in register (H-aggregates) and the resulting optical 
spectra are blue shifted.  As the spectral absorptions and emissions of Pcs are found to be 
sensitive to the nature of the molecules and their surroundings,26 important information can 
be deduced about their properties and in application based molecular design.  
The inner pyrrolic H of the freebase Pcs can be deprotonated to yield dianion, which is 
ideally suited to act as a tetradenate ligand with especially divalent metal ions. Thus, the 
minimum coordination number of the metal ion possible in metalloPcs is four. In addition 
to valency of metal ions, the ionic radii of the metals also play a vital role in metalating the 
Pc. First and second row metal ions are typically small enough to sit tightly in the core of 
the complex, and transition metal with somewhat larger ionic radii such as zinc stick a little 
out of plane of the macrocycle.53 Larger metals such as, Zr(IV), Hf(IV), lanthanides and 
actinides sit completely out of plane and can coordinate with two Pcs yielding sandwich 
complexes with interesting chemical and physical properties.54-56  
A size matching divalent metal ion would give neutral complex, whereas a higher valent 
metal cation would have bound axial ligands with the metal in addition to the Pcs anions. 
In general, the coordination geometry around the divalent metal ion species is square 
planar, while in higher valent metal complexes the coordination geometry can be octahedral 
or square pyramidal. For metals with coordination number of more than four, the MPcs can 
have axial ligands coming out of opposite sides of the Pc plane yielding complexes with 
octahedral geometries. These axial ligands prevent - stacking and help increase 
solubility. Having a H2F16Pc will allow researchers to incorporate desired metal in the core 
and substitute motifs for intended applications.  
 152 
 
6.4. Quantum Yield and Heavy Atom Effect 
 
Two factors dictate fluorescence quantum yields (ФF) of these compounds: The heavy 
atom effect and aggregation pattern.27 Such as in porphyrins, the ФF diminish with the rise 
of the atomic number of the central metal in Pc complexes, which consistent with the 
strengths of spin–orbit coupling induced by the respective central metals based on their 
relative atomic numbers. A decrease in probability of fluorescence is a result of an increase 
in spin-orbit coupling. A photosensitizer designed for PDT should have the lower ФF, 
which increases the probability of intersystem crossings, which results leads to a higher 
triplet state and production of singlet oxygen 1O2 quantum yield. This calls for a need to 
expand the range of metals that are incorporated in H2F16Pc. An H2F16Pc platform molecule 
can be used to design the best possible PDT agent by introducing the desired metals in the 
core and by click chemistry on the periphery to substitute cancer or disease targeting 
biomotifs. 
 
6.5. Synthesis Approaches to Fluorinated Free Base Phthalocyanine 
Various solvent and solvent free methods were used to synthesize H2F16Pc. Some 
methods and preliminary results are shown below. 
 
 
6.5.1. Cerium-Promoted Synthesis 
This methodology involved the use of a cerium salt (CeCl3) in the presence of 
tetrafluorophthalonitrile (TFPN) in n-pentanol. The solutions were refluxed for 24–72 h (Scheme 
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6.1). Four equivalents of DBU was used to promote the tetramerization of phthalonitriles. The 
hypothesis is that the role of cerium metal ions is to escort the phthalonitriles into formation of Pc 
but never actually settle or sit in the core because of its large ionic radius. Four equivalents of 
TFPN were seen to yield Pc. The synthesis of free base Pc was confirmed with UV-visible 
spectroscopy (Figure 6.3). However, the presence of a nucleophilic solvent (n-pentanol) resulted 
in substitutions of some of the fluorines on the periphery of the Pc. Various bands on silica-gel 
TLC were observed and the mass spectra of the compounds did not show any unsubstituted 
product. To avoid this, lower temperatures were used but no product was formed. Other, solvents 
such as dimethylforamide (DMF), dimethylsulfoxide (DMSO), chlorobenzene, and dioxane were 
used but no product was formed. See table 6.1 for the list of solvents and conditions used.  
 
 
 
Scheme 6.1. Cerium promoted synthesis of metal free fluorinated Pc. 
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Solvent BP oC Base (DBU) Metal salts used Pc formed 
n-pentanol 137 Y and N CeCl3, SiCl4, ZrCl4 Y 
quinoline 238 Y and N CeCl3, SiCl4, ZrCl4 N 
1-chloronaphthalene 263 Y CeCl3, ZrCl4 N 
chlorobenzene 131 Y CeCl3, ZrCl4 N 
dichlorobenzene 181 Y CeCl3, ZrCl4 N 
xylene 140 Y CeCl3, ZrCl4 N 
nitrobenzene 211 Y CeCl3, ZrCl4 N 
pyridine 115 Y CeCl3, ZrCl4 N 
dimethylethanolamine 133 Y CeCl3, ZrCl4 N 
 
Table 6.1. Conditions used to synthesize H2F16Pc. All reactions were refluxed with TFPN as 
the precursor for Pc. Y= yes, N= no. 
 
 
 
Figure 6.3. UV-visible absorbance spectrum of cerium promoted synthesis of H2F16Pc in 
THF. The high intensity of the blue Q band is an indication of aggregation. The spectrum 
was taken in CHCl3. 
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6.5.2. Demetallation of Perfluoro Zn and Cu Phthalocyanines 
 
Based on previous publication,45 it was believed that providing strong acidic conditions 
will demetallate the Zn and Cu Pcs. Below are a few attempts to demetallate the Pcs. 
 
6.5.2.1. Demetallation via Pyridine / Pyridine-HCl 
Alzeer et al. claimed was that the presence of nitrogen atoms in pyridine will coordinate 
with the metal in the Pcs and the acidity of the HCl will protonate the inner pyrroles of the 
macrocycle yielding H2F16Pc (Scheme 6.2).
45  
 
Zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-
phthalocyanine (ZnF16Pc), dissolved in pyridine and pyridine-HCl were stirred under N2 at 
120 oC for 24 h. The reaction was removed from the heat, and water was added while the 
reaction was still hot, and the mixture was allowed to cool. The resulting precipitate was 
collected by centrifugation. The dark blue precipitate was washed repeatedly with H2O, 
 
 
Scheme 6.2. Demetallation via Pyridine / Pyridine-HCl 
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MeOH, and dried under high vacuum. The UV-visible absorbance spectra of the solutions 
did not show any difference from the metallated complexed (Figure 6.4).  
 
 
6.5.2.2. Demetallation via Reflux in HNO3 and H2SO4 
It was hypothesized that using a stronger acid might allow for demetallation of zinc or 
copper Pcs. Zinc 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-
phthalocyanine or Copper 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-
29H,31H-phthalocyanine dissolved in concentrated HNO3 or H2SO4 were refluxed for 48-
72 hours (Scheme 6.3) but no demetallation was observed by the UV-visible absorbance 
spectra as seen in figure 6.5. 
 
 
 
Figure 6.4. UV-visible absorbance spectra of before (blue) and after (orange) of ZnF16Pc 
demetallation via Pyridine / Pyridine-HCl. The spectra were taken in THF. 
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Scheme 6.3. Demetallation of Pcs via reflux in HNO3 and H2SO4. 
 
 
 
Figure 6.5. UV-visible absorbance spectra of before (blue) and after (orange) of ZnF16Pc 
demetallation via reflux in concentrated HNO3 and H2SO4. The spectra were taken in THF. 
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6.5.3. Synthesis of Fluorinated Magnesium Phthalocyanines and Demetallation to Yield 
Free base Phthalocyanine 
TFPN was refluxed with magnesium propoxide in n-propanol to produce perfluoromagnesium 
phthalocyanine (MgF16Pc). The resulting MgF16Pc was demetallated with trifluoroacetic acid 
(TFA) to yield H2F16Pc. (Scheme 6.4) 
To prepare magnesium propoxide, Mg turnings (0.218 g, 8.96 mmol) were added to n-propanol 
(200 mL). A small crystal of I2 was added to remove the oxidized layer of magnesium around the 
turning. The solution appeared light yellow in color. The solution was refluxed for 24 h. After 
reflux, the solution appeared light gray in color. The solution was cooled to room temperature and 
TFPN (0.446 g, 2.22 mmol) was added before refluxing for additional 24 h. Dark blue-green color 
was observed at the completion of the reaction. The mixture was filtrated through celite and UV-
visible absorbance spectrum was taken to confirm synthesis of MgF16Pc (Figure 6.6), the blue 
solid was stirred at room temperature in 10% TFA in CHCl3 (15 mL) for overnight. The solution 
was then washed with saturated sodium bicarbonate (3x), and brine (3x), before drying over 
 
 
Scheme 6.4. Synthesis of H2F16Pc via MgF16Pc and demetallation. 
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anhydrous sodium sulfate and filtering. Solvent was removed on rotary evaporator. The UV-visible 
absorbance spectra were taken to confirm synthesis of H2F16Pc (Figure 6.7). Mass spectra and 
NMR of the compound did not give promising results because the choice of solvent was 
nucleophilic which may have substituted some of the fluorines on the TFPN. 
 
Figure 6.6. UV-visible absorbance spectrum of MgF16Pc in CHCl3. 
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Figure 6.7. UV-visible absorbance spectrum of H2F16Pc in CHCl3. 
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To avoid substitution of n-propanol on the fluorines, excess solvent was removed prior to 
addition of TFPN. Mg turnings (0.218 g, 8.96 mmol) were added to n-propanol (200 mL). A small 
crystal of I2 was added to remove the oxidized layer of magnesium around the turning. The solution 
appeared light yellow in color. The solution was refluxed for 24 h. After reflux, the solution 
appeared light gray in color. Excess n-propanol was evaporated to 5% volume with rotary 
evaporator and as soon as magnesium crystals started to appear, dioxane (150 mL) was added. The 
solution was refluxed for 12 h and TFPN (0.446 g, 2.22 mmol) was added before refluxing for 
additional 24 h. Dark blue-green color was observed at the completion of the reaction. The mixture 
was filtrated through celite, the blue solid was stirred at room temperature in 10% TFA in CHCl3 
(15 mL) for overnight. The solution was then washed with saturated sodium bicarbonate (3x), and 
brine (3x), before drying over anhydrous sodium sulfate and filtering. Solvent was removed on 
rotary evaporator. The UV-visible absorbance spectra were taken to confirm synthesis of H2F16Pc 
(Figure 6.8). Due to solubility of the compound, we are having difficulty obtaining a clean mass 
 
 
Figure 6.8. UV-visible absorbance spectrum of H2F16Pc synthesis in dioxane. Spectrum taken 
in CHCl3. 
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spectrum and NMR of the compound. Below are UV-visible spectrum of various solvents used to 
prepare fluorinated free base phthalocyanine. Table 6.2 outlines all the conditions used. 
 
 
6.6. Proposed Synthetic Route to Fluorinated Naphthalocyanine 
NPc and their metal complexes have complementary photonic properties to Pc, with 
strong absorption bands in the near IR, and have similar potential photonics applications 
e.g. in imaging, photo-acoustics, and surface plasmon resonance sensors.57-62 Yet, there is 
a paucity of readily accessible derivatives and synthetic methods that enable study of the 
role of exocyclic moieties. The overall goal is to develop the fluorinated NPc platform to 
further derivatize the molecule aromatic substitution chemistry on the peripheral fluoro 
groups (Scheme 6.5).   
Solvent BP oC Metal salts used Pc formed 
n-propanol 97 Magnesium propoxide Y 
Isopropanol 83 Magnesium propoxide N 
  MgCl2 N 
dioxane 101 Magnesium propoxide Y 
  MgCl2 N 
chlorobenzene 131 Magnesium propoxide N 
  MgCl2 N 
dichlorobenzene 174 Magnesium propoxide Y 
  MgCl2 N 
 
Table 6.2. Conditions used to synthesize MgF16Pc. All reactions were refluxed with TFPN as 
the precursor for Pc. Y= yes, N= no. 
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Tetrafluoricphthalic acid (TFTA) (100 mg) was dissolved in Methanol (30 mL) and 
catalytic amount of glacial acetic acid was added. The solution was refluxed overnight. The 
solution was extracted in ethyl acetate and washed with saturated sodium bicarbonate (3x), 
and brine (3x), before drying over anhydrous sodium sulfate and filtering. Excess solvent 
was removed with rotary evaporator. The presence of compounds was confirmed with 1H 
NMR. We are currently on the second step to reduce the ester to aldehyde. 
 
6.7. Conclusion and Future Directions 
 Given the potentials and possible applications of Pcs and NPs there exists a need to 
push further the field by developing H2F16Pc and F16NPc. Synthesizing a free base complex 
will allow incorporation of the desired metal to fine tune the photophysical and chemical 
 
Scheme 6.5. Proposed synthesis of the fluorous NPc core platform for rapid development of 
photonic materials based on this red-adsorbing dye (λmax ≈ 800 nm). (i) methanol, H+, heat; (ii) 
diisobutylalum-inumhydride in toluene at -59 C, 12 h; (iii) tri-ethylphosphate in THF reflux; 
(iv) ZnCl2 in dichlorobenzene. 
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properties for the intended application. Having a fluorous analogue will open the options 
to further derivatize these interesting molecules via simple, yet effective nucleophilic 
aromatic click chemistry. In this chapter, we summarized preliminary results of a few 
successful and unsuccessful synthetic routes to developing H2F16Pc and F16NPc. 
Demetallation of ZnF16Pc and CuF16Pc was unsuccessful as the metal is very tightly bound 
in the core. Using harsh acidic condition even at high temperatures was not successful. Pc 
was formed using the cerium metal approach but only in the presence of a nucleophilic 
solvent, which we postulate substitutes some of the fluorines on the TFPN or the Pc. The 
best approach to developing H2F16Pc was making the MgF16Pc followed by demetallation 
using TFA to yield the free base Pc. However, the presence of n-propanol results in the 
same issues of substitution because of the nucleophilic nature of the solvent. We removed 
95% of the solvent and replaced it with dioxane or dichlorobenze, which yield promising 
results. We are currently in the process of characterizing the compounds.  As suggested in 
chapter 4 of this dissertation, phthalocyanines can be distorted either by appending a steric 
7-membered ring on the periphery of the macrocycle or by appending bulky groups. This 
distortion of the macrocycle may weaken metal binding in the core of the Pc and 
demetallation may be possible. Also, aggregations or association with macromolecules 
(proteins, DNAs, C60) can be used to distort the Pc structure to facilitate demetallatation. In 
our future studies we will use the same acidic reactions to demetallate the distorted Pc. 
Additionally, a synthetic route to make F16NPc is proposed and we are currently at the 
second step. 
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Appendix A - Supporting Information for Chapter 2 
A1. Experimental Images 
 
 
 
Figure A.1. Reaction vessel with rubber 
septum in oil bath. 
 
Figure A.2. Reaction vessel after addition 
of pyrrole. 
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Figure A.3. Formation of TPP and 
ZnTPP via condensation 
Figure A.4. Thin-layer 
chromatography.  ZnTPP(left), TPP 
(center), and crude reaction mixture 
(right). Eluent hexanes:CH2Cl2 (2:1 
v/v) 
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Figure A.5. Silica column. TPP 
elutes first. Both bands are visible. 
 
 
Figure A.6. Products after column 
separation. 
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A2. UV-visible Spectra 
 
 
Figure A.7. UV-Vis absorption spectrum of TPP. Q band region inset. 
 
 
 
 
Figure A.8. UV-Vis absorption spectrum of ZnTPP. Q band region inset. 
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A3. 1H NMR Spectra 
 
 
 
 
 
Figure A.9. Structure of TPP and 1H NMR Spectrum (400 MHz, CDCl3) of aromatic region. 
 
 
 
 175 
 
Figure A.10. 1H NMR Spectrum (400 MHz, CDCl3) of TPP, negative region. 
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Figure A.11. Structure of ZnTPP and 1H NMR spectra (400 MHz, CDCl3). 
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Figure A.12. 1H NMR spectra (400 MHz, CDCl3) of ZnTPP, aromatic region. 
  
 178 
Appendix B – Supporting Information for Chapter 3 
 
B1. Chemicals 
 
All chemical manipulations should be performed in a fume hood.  Students should wear eye 
protection, gloves, and clothing that completely covers the body.1 
 
 
Reagent CAS 
number 
Skin 
irritant 
Eye 
irritant 
Respiratory 
irritant 
Other 
TPPF20 25440-14-
6 
 
x x 
 
Butanethiol 109-79-5 x x x Flammable 
Butylamine 109-73-9 x x x Highly 
flammable 
Butanol 71-36-3 x x 
 
Flammable 
K2CO3 584-08-7 x x 
  
1-methyl-2-
pyrrolidone  
120-94-5 x x 
  
CH2Cl2  75-09-2 x x 
  
Petroleum Ether
  
101316-
46-5 
x x 
  
Methanol  67-56-1 
 
x 
 
Flammable 
 
Table B.1. Chemical information table. 
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B2. Student Handouts 
 
B2.1. Pre-lab Assignment 
 
Review nucleophilic aromatic substitution and Arrhenius equation. There are numerous online 
sources and general chemistry textbooks. 
 
Complete the following questions prior to lab. 
i) Arrange the following in the order of increasing reactivity for nucleophilic aromatic 
substitution. 
 
 
 
 
 
 
 
 
 
 
 
 
 
ii) What are the four resonance structures for para fluoronitrobenzene? 
 
iii) How many products are possible when two of the four para fluorophenyl positions on 
TPPF20 are substituted? The meso positions are numbered according to standard porphyrin 
nomenclature. 
 
 
 
 
TPPF16R4 
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iv) Calculate the mass needed for ten equivalents of K2CO3 for 5 mg TPPF20. Calculate the 
volume of each nucleophile needed for six molar equivalents for 5 mg TPPF20. 
 
v) Arrange the nucleophiles (S, O, N) in the order of increasing polarizability and reactivity. 
  
 a) N < S < O 
 b) S < N < O 
 c) O < S < N 
 d) O < N < S  
 
vi) The substituted porphyrin molecules are more polar than the starting material (TPPF20) 
because 
 
a) The nucleophiles pull electron density away from the core macrocycle 
b) The symmetry of the molecule is disrupted and increased the dipole moment because 
of the different electronegativities of the nucleophiles. 
c) The products are more symmetric 
d) There is not a significant different in polarity  
  
vii) What determines the efficiency of a substitution reaction? 
 
 a) The softness of a nucleophile 
 b) Primary vs. secondary vs. tertiary nucleophiles 
 c) Solvent polarity and temperature 
 d) All of the above 
 
viii)  What is the slope of a linearized second order concentration vs. time graph equal to? 
 
a) k 
b) Ea/R 
c) –Ea/R 
d) Ea/RT 
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B2.2. Post-lab Questions 
 
 
i) Draw the mechanism for substitution of the TPPF20. Include the Meisenheimer complex. 
ii) Why does the butanethiol solution require a nitrogen balloon? Draw a possible side 
product. 
iii) What would the integration value be of a totally white lane within ImageJ? 
iv) What are all of the products produced in the reaction? Does it matter which spot we use to 
 determine the activation energy? Why or why not? 
v) Why is it necessary for the reaction to be performed at different temperatures? 
vi) Compare each nucleophile at 60 °C. When comparing the same spot, what is the visual 
difference on the TLC plates between these reactions? What is the relative nucleophilic 
strength of each nucleophile used? 
vii) Do your TLC plates at same Temp. (60 °C) prove the relationship between hardness of 
 nucleophiles and ease of substitution? 
viii)  Make Arrhenius plots (Ln(k) (1/(M*s)) vs. 1/Temperature (1/K)) for your assigned 
nucleophile and compare Ea with the other groups. 
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B3. Instructor Notes 
 
 
a. Reagent-grade thiol, amine and alcohol were obtained from Sigma-Aldrich and were used 
as received. Freshly opened bottles of NMP and K2CO3 were used for the first iteration of the 
experiment.  When the experiment was run the second time, the same bottle of NMP was used, but 
the solvent was run through a short pipette column of basic alumina prior to use. K2CO3 stock 
bottle was kept sealed with parafilm at room temperature. Thiol, amine and alcohol were kept in a 
refrigerator.   
b. Any length primary alkyl nucleophiles can be used for this experiment (keeping the length 
of carbon chain similar for different nucleophiles).  
c. Thiols are extremely noxious and must always be opened and used in a fume hood. 
d. It is recommended to have at least three micropipettes, one for each nucleophile with 
sufficient tips. 
e. Depending on availability, students can rinse collection syringes with acetone and dry if 
they are used for the same reaction. 
f. It is harder to observe tetra-substituted product for butanol because of its high activation 
energy, so it is better to use mono-substituted TLC spot to calculate the activation energy. 
However, for butylamine and butanethiol it is easier to find a distinct tetra-substituted spot on a 
TLC plate. 
g. Students can weigh appropriate amounts of TPPF20 for the reactions, but it is recommended 
to make a stock solution as it not only saves time, it avoids waste.  
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h. It is better to do duplicates of TLC plates as one might be better for image processing. 
i. Students should use non-fluorescent dye TLC plates. The fluorescent dye can interfere with 
the product spots during image analysis. Also, porphyrins are naturally fluorescent and light up 
brightly under the UV lamp without the need for a fluorescent dye.  
j. Sources of errors for activation energy calculations include ImageJ analysis and 
inaccurate/inconsistent temperature for hot plate. 
k. Depending on prior TLC experience, the collection of sample every five minutes can be 
skipped, and the reaction mixture can be spotted directly on the TLC. However, in the case of a 
mistake, it is not possible to go back in reaction time. 
l. Samples can be collected every 5-15 min. as long as the time between collections is 
constant. For example, collections every 5 min. for one hour will be sufficient. 
m. It is recommended to do this experiment near the end of organic chemistry II or physical 
chemistry laboratory courses. It was found to be helpful as the students had covered these concepts 
in the lecture. 
n. A table such as below can be used to divide the students in groups. 
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Group No. Student Name Nucleophile Temp. (°C) Ea 
(kJ/mol) 
I 
 
 
Room  
 40  
 60 
II 
 
 
40  
 60 
 85 
III 
 
 
60  
 85 
 120 
IV 
 
 
Room  
 40 
 60 
V 
 
 
40  
 60 
 85 
VI 
 
 
60  
 85 
 120 
Table B.2. Sample table to divide students in groups. 
  
 185 
B4. Answer Key 
 
B4.1. Pre-lab Answers 
i) Arrange the following in the order of increasing reactivity for nucleophilic aromatic 
substitution. 
 
 
 
 
 
       A<C<B<D 
 
ii) What are the four resonance structures for para fluoronitrobenzene? 
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iii) How many products are possible when two of the four para fluorophenyl positions on 
TPPF20 are substituted? The meso positions are numbered according to standard porphyrin 
nomenclature.  
 
There are six possible products. Using F 
and R and the 5, 10, 15, 20 position, we 
can make the table below. The two 
possible di-substituted products are 
highlighted. 
 
5 10 15 20 
F F F F 
F F F R 
F F R R 
F R F R 
F R R R 
R R R R 
 
 
iv) Calculate the mass needed for ten equivalents of K2CO3 for 10 mg TPPF20. Calculate the 
volume of each nucleophile needed for six molar equivalents for 10 mg TPPF20. 
 
K2CO3 = 14 mg 
Butanol = 5.6 µL 
Butylamine = 6.1 µL 
Butanethiol = 6.6 µL 
 
 
 
TPPF16R4 
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v)  Arrange the nucleophiles (S, O, N) in the order of increasing polarizability and reactivity. 
d) O < N < S  
 
vi) The substituted porphyrin molecules are more polar than the starting material (TPPF20) 
because 
b) The symmetry of the molecule is disrupted and increased the dipole moment because of the 
different electronegativities of the nucleophiles. 
 
vii) What determines the efficiency of a substitution reaction? 
d) All of the above 
 
viii)  What is the slope of a linearized second order concentration vs. time graph equal to? 
a) k 
 
  
 188 
B4.2. Post-lab Answers 
i) Draw the mechanism for substitution of the TPPF20. Include the Meisenheimer-like 
complex. 
 
ii) Why does the butanethiol solution require a nitrogen balloon? Draw a possible side 
product. 
  
The oxygen in air causes formation of disulfides under basic conditions and elevated temperatures. 
CH3(CH2)3-S-S-(CH2)3CH3 
 
iii) What would the integration value be of a totally white lane within ImageJ? 
  
The integrated value of a white lane would be zero 
 
iv) What are all of the products produced in the reaction? Does it matter which spot we use to 
 determine the activation energy? Why or why not? 
 
See pre-lab for number of products. Since each nucleophilic aromatic substitution is independent 
of the other, it should not make a difference which spot is used for the analysis. 
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v) Why is it necessary for the reaction to be performed at different temperatures?  
 
 
To estimate the amount of energy you need to overcome the activation barrier (see the Arrhenius 
equation).  
 
 
vi) Compare each nucleophile at 60 °C. When comparing the same spot, what is the visual 
difference on the TLC plates between these reactions? What is the relative nucleophilicicity of 
each nucleophile used?  
 
 
The order of reactivity is S>N>O , so the relative activation barriers are S<N<O. 
 
 
vii) Do your TLC plates at the same temp. (60 °C) prove the relationship between hardness of 
nucleophiles and ease of substitution? 
 
 
Yes, the intensity of the spots for S are stronger than N which are stronger than O. 
 
viii) Make Arrhenius plots (Ln(k) (1/(M*s)) vs. 1/Temperature (1/K)) for your assigned 
nucleophile and compare Ea with the other groups. 
 
The activation energy of butanethiol was found to be 8 kJ/mol ± 5 kJ/mol, butylamine was 57 
kJ/mol ± 15 kJ/mol and butanol was 149 kJ/mol ± 16 kJ/mol. The relative activation energies 
are expected to be in the order of butanethiol<butylamine<butanol because sulfur is a softer 
nucleophile than nitrogen, which is a softer nucleophile than oxygen. 
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Sample graphs for the three nucleophiles are below. 
 
 
Figure B.1. Arrhenius plot: butanethiol. 
 
 
 
Figure B.2. Arrhenius plot: butylamine. 
 
 
 
 
60 °C
40°C
26 °C
y = -846.9x - 1.8528
R² = 0.9252
-4.75
-4.7
-4.65
-4.6
-4.55
-4.5
-4.45
-4.4
-4.35
0.0029 0.003 0.0031 0.0032 0.0033 0.0034
Ln
(k
) 
(1
/(
M
*s
))
1/Temperature (1/K)
60°C
85°C
40°C
y = -6039.8x + 15.768
R² = 0.7759
-4.5
-4
-3.5
-3
-2.5
-2
-1.5
-1
-0.5
0
0.0027 0.0028 0.0029 0.003 0.0031 0.0032 0.0033
Ln
(k
) 
(1
/(
M
*s
))
1/Temperature (1/K)
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Figure B.3. Arrhenius plot: butanol. 
60 °C
85 °C
120 °C
y = -16823x + 40.929
R² = 0.9809
-12
-10
-8
-6
-4
-2
0
0.0025 0.0026 0.0027 0.0028 0.0029 0.003 0.0031
Ln
(k
) 
(1
/(
M
*s
))
1/Temperature (1/K)
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Appendix C – Supporting Information for Chapter 4 
C1. NMR spectra 
 
Figure C.1. 1H NMR of ZnPc(tomamine)1 in CDCl3. * CDCl3 
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Figure C.2. 1H NMR of ZnPc(tomamine)2 in CDCl3. 
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Figure C.3. 1H NMR of ZnPc(tomamine)3 in CDCl3. 
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Figure C.4. 1H NMR of ZnPc(tomamine)4 in CDCl3. 
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Figure C.5. 13C NMR of ZnPc(tomamine)1  in CDCl3. * CDCl3 
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Figure C.6. 13C NMR of ZnPc(tomamine)2 in CDCl3. * CDCl3 
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Figure C.7. 13C NMR of ZnPc(tomamine)3 in CDCl3. * CDCl3 
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Figure C.8. 13C NMR of ZnPc(tomamine)4 in CDCl3. * CDCl3 
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Figure C.9. 19F NMR of ZnPc(tomamine)1 in CDCl3. 
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Figure C.10. 19F NMR of ZnPc(tomamine)2 in CDCl3. 
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Figure C.11. 19F NMR of ZnPc(tomamine)3 in CDCl3. 
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Figure C.12. 19F NMR of ZnPc(tomamine)4 in CDCl3. 
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C2. Mass spectra 
 
Figure C.13. High resolution mass spectrum of compound ZnPc(tomamine)1. 
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Figure C.14. High resolution mass spectrum of compound ZnPc(tomamine)2. 
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Figure C.15. High resolution mass spectrum of compound ZnPc(tomamine)3. 
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Figure C.16. High resolution mass spectrum of compound ZnPc(tomamine)4. 
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C3. UV-visible absorbance spectra  
 
Figure C.17. UV-visible absorbance spectra of compounds ZnF16Pc (black), ZnPc(tomamine)1 
(pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) in THF. 
 
 
Figure C.18. UV-visible absorbance spectra of compounds ZnF16Pc (black), ZnPc(tomamine)1 
(pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) in 
acetone. 
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Figure C.19. UV-visible absorbance spectra of compounds ZnF16Pc (black), ZnPc(tomamine)1 
(pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) in DCM. 
 
 
Figure C.20. UV-visible absorbance spectra of compounds ZnF16Pc (black), ZnPc(tomamine)1 
(pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) in 
MeOH. 
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Figure C.21. UV-visible absorbance spectra of compounds ZnF16Pc (black), ZnPc(tomamine)1 
(pink), ZnPc(tomamine)2 (red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) in 
DMSO. 
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C4. Photobleaching studies  
 
Figure C.22. Photostability study of ZnPc(tomamine)1. UV-visible absorbance spectra taken 
using 1 cm glass cuvette in acetone at time = 0 h (black), 2 h (green), 4 h (red) and 8 h (purple). 
Exposed under direct 13 W white light bulb at 0.41 mW/cm2.  
 
 
Figure C.23. Photostability study of compound ZnPc(tomamine)2. UV-visible absorbance 
spectra taken using 1 cm glass cuvette in acetone at time = 0 h (black), 2 h (green), 4 h (red) and 
8 h (purple). Exposed under direct 13 W white light bulb at 0.41 mW/cm2.  
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Figure C.24. Photostability study of compound ZnPc(tomamine)3. UV-visible absorbance 
spectra taken using 1 cm glass cuvette in acetone at time = 0 h (black), 2 h (green), 4 h (red) and 
8 h (purple). Exposed under direct 13 W white light bulb at 0.41 mW/cm2.  
 
 
Figure C.25. Photostability study of compound ZnPc(tomamine)4. UV-visible absorbance 
spectra taken using 1 cm glass cuvette in acetone at time = 0 h (black), 2 h (green), 4 h (red) and 
8 h (purple). Exposed under direct 13 W white fluorescent lamp at 0.41 mW/cm2.  
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C5. Photothermal studies  
 
Figure C.26. Photothermal study of compound ZnPc(tomamine)1. Temperature taken using a 
digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM (red), 80 µM (yellow) 
and 100 µM (purple). Exposed under direct 13 W white fluorescent lamp at 0.92 mW/cm2. 
 
 
Figure C.27. Photothermal study of compound ZnPc(tomamine)2. Temperature taken using a 
digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM (red), 80 µM (yellow) 
and 100 µM (purple). Exposed under direct 13 W white fluorescent lamp at 0.92 mW/cm2. 
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Figure C.28. Photothermal study of compound ZnPc(tomamine)3. Temperature taken using a 
digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM (red), 80 µM (yellow) 
and 100 µM (purple). Exposed under direct 13 W white fluorescent lamp at 0.92 mW/cm2. 
 
 
Figure C.29. Photothermal study of compound ZnPc(tomamine)4. Temperature taken using a 
digital thermometer of 0 µM (black), 20 µM (blue), 40 µM (green), 60 µM (red), 80 µM (yellow) 
and 100 µM (purple). Exposed under direct 13 W white fluorescent lamp at 0.92 mW/cm2. 
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Figure C.30. Overlay of photothermal studies of ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 
(red), ZnPc(tomamine)3 (green) ZnPc(tomamine)4 (blue) and no compound control (black). 
Temperature taken every 4 min using a digital thermometer. 100 µM solutions were exposed 
under direct 13 W white fluorescent lamp at 0.92 mW/cm2. 
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C6. Cell studies  
 
Figure C.31. Uptake studies of ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 (red), 
ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) using MDA-MD231 breast cancer cells. 
 
 
Figure C.32. Phototoxicity studies of compounds ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 
(red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue) using MDA-MD231 breast cancer 
cells exposed to a white 13 W fluorescent light (0.92 mW cm-2 or 11.04 kJ m-2) for 20 min. 
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Figure C.33. Dark toxicity studies of compounds ZnPc(tomamine)1 (pink), ZnPc(tomamine)2 
(red), ZnPc(tomamine)3 (green) and ZnPc(tomamine)4 (blue)using MDA-MD231 breast cancer 
cells. 
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C7. DLS  
 
Figure C.34. DLS of ZnPc(tomamine)1 in acetone (blue) and PBS buffer (gray). 
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Figure C.35. DLS of ZnPc(tomamine)2 in acetone (blue) and PBS buffer (gray). 
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Figure C.36. DLS of ZnPc(tomamine)3 in acetone (blue) and PBS buffer (gray). 
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Figure C.37. DLS of ZnPc(tomamine)4 in acetone (blue) and PBS buffer (gray). 
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C8. Fluorescence emission spectra  
 
Figure C.38. Emission spectrum of ZnPc(tomamine)1 in THF. Ex = 675 nm, Bandpass = 5 nm. 
 
 
Figure C.39. Emission spectrum of ZnPc(tomamine)2 in THF. Ex = 725 nm, Bandpass = 5 nm. 
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Figure C.40. Emission spectrum of ZnPc(tomamine)3 in THF. Ex = 725 nm, Bandpass = 5 nm. 
 
 
 
Figure C.41. Emission spectrum of ZnPc(tomamine)4 in THF. Ex = 750 nm, Bandpass = 5 nm. 
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Appendix D - Supporting Information for Chapter 5 
 
D1. NMR spectra 
  
.  
 
Figure D.1. 1H NMR spectrum of the free base of compound 1 in CDCl3, * = CHCl3 
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.  
 
Figure D.2. 13C NMR spectrum of the free base of compound 1 in CDCl3, * = CHCl3 
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Figure D.3. 1H NMR spectrum of 1, in CDCl3, * = CHCl3 
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.  
 
Figure D.4. 1H NMR spectrum of 2 in CDCl3 
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Figure D.5. 13C NMR spectrum of 2 in CDCl3, * = CDCl3 
 
 227 
  
.  
 
Figure D.6. 1H NMR spectrum of (C1-Gal)4-ZnPor (3) in DMSO-d6, * water, ** DMSO. 
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Figure D.7. 13C NMR spectrum of (C1-Gal)4-ZnPor (3) in DMSO-d6. 
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Figure D.8. 1H NMR spectrum of (C1-Gal)4-Por (4) in DMSO-d6. * water, ** DMSO 
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Figure D.9. 13C NMR spectrum of (C1-Gal)4-Por (4) in DMSO-d6. 
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. 
 
 
Figure D.10. 1H NMR spectrum of 5 in CDCl3, * = CHCl3 
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.  
 
Figure D.11. 13C NMR spectrum of 5 in CDCl3, * = CDCl3 
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Figure D.12. 1H NMR spectrum of (C3-Gal)4-ZnPor (6) in CD3OD, * = CH3OH 
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Figure D.13. 13C NMR spectrum of (C3-Gal)4-ZnPor (6) in CD3OD. 
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Figure D.14. 1H NMR spectrum of (C3-Gal)4-Por (7) in DMSO-d6, * water, ** DMSO. 
 
 236 
  
.  
 
Figure D.15. 13C NMR spectrum of (C3-Gal)4-Por (7) in DMSO-d6. 
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D2. UV-visible absorbance spectra 
 
 
Figure D.16. UV-visible spectra of the compounds, 0.1 μM in ethanol, green = (C1-Gal)4-
ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4), black = (C3-Gal)4-Por 
(7). 
 
 
 
 
 
Figure D.17. UV-visible spectra of the compounds, 0.1 μM in DMSO, green = (C1-Gal)4-
ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4), black = (C3-Gal)4-Por 
(7). 
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Figure D.18. UV-visible spectra of the compounds, 0.1 μM in PBS, green = (C1-Gal)4-
ZnPor (3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4), black = (C3-Gal)4-Por 
(7). 
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D3. Fluorescence emission spectra 
 
 
Figure D.19. Fluorescence emission spectra of the compounds in ethanol; excitation at 
425 nm where the absorbance is ca. 0.05 for each compound, green = (C1-Gal)4-ZnPor 
(3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4), black = (C3-Gal)4-Por (7). 
 
 
 
 
 
Figure D.20. Fluorescence emission spectra of the compounds in DMSO; excitation at 
425 nm where the absorbance is ca. 0.05 for each compound, green = (C1-Gal)4-ZnPor 
(3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4), black = (C3-Gal)4-Por (7). 
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Figure D.21. Fluorescence emission spectra of the compounds in PBS buffer; excitation 
at 425 nm where the absorbance is ca. 0.05 for each compound, green = (C1-Gal)4-ZnPor 
(3), red = (C3-Gal)4-ZnPor (6), blue = (C1-Gal)4-Por (4), black = (C3-Gal)4-Por (7). 
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D4. Mass spectra 
  
 
 
Figure D.22. HRMS of 2. 
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Figure D.23. HRMS of (C1-Gal)4-ZnPor (3). 
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Figure D.24. HRMS of (C1-Gal)4-Por (4). 
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Figure D.25. HRMS of 5. 
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Figure D.26. HRMS of (C3-Gal)4-ZnPor (6). 
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Figure D.27. HRMS of (C3-Gal)4-Por (7). 
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D5. Dynamic Light Scattering (DLS) 
  
 
 
 
Figure D.28. DLS of (C1-Gal)4-ZnPor (3). 
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Figure D.29. DLS of (C1-Gal)4-Por (4). 
 
0
5
10
15
20
25
0
0
.5
3
6
0
.8
3
3
1
.2
9
2
.0
1
3
.1
2
4
.8
5
7
.5
3
1
1
.7
1
8
.2
2
8
.2
4
3
.8
6
8
.1
1
0
6
1
6
4
2
5
5
3
9
6
6
1
5
9
5
5
1
.4
8
E+
0
3
N
u
m
b
e
r 
(%
)
Size (d.nm)
(C1-Gal)4-Por (4)
EtOH
PBS
 248 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
Figure D.30. DLS of (C3-Gal)4-ZnPor (6). 
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Figure D.31. DLS of (C3-Gal)4-Por (7). 
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D6. Cell and Spheroid Uptake 
 
  
 
 
 
Figure D.32. Cellular uptake of galactose-porphyrins by MCF-7 monolayer cultures. The 
concentration of porphyrins was determined by fluorescence spectroscopy after incubation of cancer 
cells with 0, 2.25, 4.5 or 9 μM of the galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were 
normalized to protein quantity. Data are the means ± S.D. of at least three independent experiments 
performed in triplicate. 
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Figure D.33. Cellular uptake of galactose-porphyrins by HCT-116 monolayer cultures. The 
concentration of porphyrins was determined by fluorescence spectroscopy after incubation of cancer 
cells with 0, 2.25, 4.5 or 9 μM of galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were 
normalized to protein quantity. Data are the means ± S.D. of at least three independent experiments 
performed in triplicate. 
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Figure D.34. Cellular uptake of galactose-porphyrins by HeLa monolayer cultures. The 
concentration of porphyrins was determined by fluorescence spectroscopy after incubation of cancer 
cells with 0, 2.25, 4.5 or 9 μM of galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were 
normalized to protein quantity. Data are the means ± S.D. of at least three independent experiments 
performed in triplicate. 
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Figure D.35. Cellular uptake of galactose-porphyrins by UM-UC-3 monolayer cultures. The 
concentration of porphyrins was determined by fluorescence spectroscopy after incubation of cancer 
cells with 0, 2.25, 4.5 or 9 μM of galactose-porphyrins for 0, 0.5, 1, 2 or 4 h and the results were 
normalized to protein quantity. Data are the means ± S.D. of at least three independent experiments 
performed in triplicate. 
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Figure D.36. Representative fluorescence images of cancer cells monolayer cultures incubated 
with porphyrins (red) and cell nuclei stained with DAPI (blue). 
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D7. Dark toxicity of porphyrins in monolayers and spheroids 
 
Figure D.37. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in HCT-116 monolayer cultures as determined using the MTT assay.  
 
 
Figure D.38. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in HCT-116 spheroid cultures as determined using the LHD assay. 
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Figure D.39. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in HeLa monolayer cultures as determined using the MTT assay.  
 
 
Figure D.40. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in HeLa spheroid cultures as determined using the LHD assay. 
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Figure D.41. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in MCF-7 monolayer cultures as determined using the MTT assay.  
 
 
Figure D.42. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in MCF-7 spheroid cultures as determined using the LHD assay. 
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Figure D.43. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in UM-UC-3 monolayer cultures as determined using the MTT assay. 
 
Figure D.44. Dark toxicity assays of galactose-porphyrins at concentration of 9 μM and 
uptake time of 4 h, in UM-UC-3 spheroid cultures as determined using the LHD assay. 
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